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Actin filament assembly is regulated by many actin-binding proteins that function to maintain
cell shape and structure, enable vesicle trafficking, control motility, and support DNA repair.
Identifying these regulatory proteins is critical for a comprehensive understanding of the
dynamic organization of actin in various cellular processes. In the last decade, the discovery of
new Wiskott-Aldrich Syndrome Protein (WASP) family actin nucleation factors such as WASH,
WHAMM, and JMY has significantly contributed to our understanding of actin cytoskeleton
functions, and opened new avenues of research into the physiological roles of these proteins in
membrane trafficking. I have identified a new WASP-family protein, WAVE Homology In
Membrane Protrusions (WHIMP), which displays characteristic actin nucleation-promoting
features. This study was aimed at determining the role of WHIMP in cells. My work shows that
WHIMP is a weak activator of the Arp2/3 complex compared to other WASP-family members.
Upon overexpression, WHIMP induces peripheral and dorsal membrane protrusions and colocalizes extensively with F-actin and the Arp2/3 complex at the edge of the cell. Moreover,
migration assays show that WHIMP expression enhances cell motility by directly activating the
Arp2/3 complex and inducing tyrosine phosphorylation and Src tyrosine kinase activation at the
membrane ruffles. Rapid cell motility is abolished following WHIMP depletion, or upon
expression of a WHIMP truncation mutant lacking its actin and the Arp2/3 binding region. My
current findings provide insight into the actin assembly properties, expression, localization, and
function of WHIMP as a new motility factor within the WASP family. Collectively, these
findings identify a role for WHIMP in cell migration, as well as expand our understanding of
proteins that regulate the Arp2/3 complex.
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CHAPTER 1: Introduction
1.1

Hierarchy of actin cytoskeleton regulation:

Actin is one of the most abundant proteins within the eukaryotic cell, and it is essential for
viability. Monomeric globular actin (G-actin) is assembled into filamentous actin (F-actin) that
comprises complex groups of polymers collectively referred to as the actin cytoskeleton. This
dynamic network of filaments is involved in controlling a myriad of cellular functions including
cell shape, motility, adhesion, vesicle trafficking, mitochondrial dynamics, signal transduction,
transcription, and DNA repair. Given the abundance microof actin in cells, its role in numerous
cellular processes, and the presence of a large ensemble of interacting proteins, it is not
surprising that the assembly and disassembly of the actin cytoskeleton is tightly regulated and
requires fine-tuning to perform its many biological roles within the cell.

Figure 1-1: Hierarchy of actin cytoskeleton regulation. Cellular control of actin networks
is regulated at various stages of nucleation, elongation, and disassembly. The pyramid depicts
the essential actin regulators that govern filament assembly. Additional levels of regulations
for each echelon are depicted in the boxes on the right. Arrows highlight the impact of other
proteins on key actin assembly factors.
1

1.2

Actin Isoforms:

Within the hierarchy of regulation, the first level of control is the differential expression of actin
isoforms. Actin is a 42kDa protein that is expressed in all eukaryotes. Six different actin
isoforms have been identified in mammals. Among them are two non-muscle isoforms, β-actin
and γ-actin, and four muscle isoforms, α-skeletal actin, α-cardiac actin, and α and γ-smooth
muscle actin [1]. Actin isoforms are highly conserved as indicated by sequence analysis of the
cytoplasmic β- and γ-actin isoforms that differ only by four amino acids, and the cytoplasmic
actin isoforms that differ from muscle actin isoforms by twenty residues [2, 3]. Among the actin
isoforms, cytoplasmic β- and γ-actin are expressed in almost all cell types [1, 4, 5], while the
four α- and γ-smooth muscle isoforms are predominantly expressed in vascular tissue [1, 4, 6].
Though both α-skeletal and α-cardiac actin are co-expressed in adult hearts, α-cardiac actin is the
predominant isoform responsible for the development and function of the heart, whereas αskeletal actin is the predominant isoform expressed in adult skeletal muscle [7, 8].
Despite being highly conserved, there is strong evidence that the actin isoforms have
evolved spatiotemporal and tissue-specific specializations and cannot substitute for each other.
This can be observed in cytoplasmic β-actin deficient mice, which die embryonically [9, 10],
and by the fact that point mutations in β-actin in humans are associated with developmental
malformations and neurological defects [11]. Loss of cytoplasmic γ-actin leads to a progressive
myopathy in mice [12], and several mutations in cytoplasmic γ-actin in humans result in
progressive hearing loss [11, 13]. Studies examining variations in cytoplasmic β- and γ-actin
isoforms show that minor differences in nucleotide sequences can alter the secondary structure of
mRNA resulting in reduced ribosomal translocation and consequently diminished translation
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efficiency of γ transcripts [14]. Localization studies indicate that β-actin is enriched not only at
the leading edge of migrating cells where it is important for cell growth and motility [15-19], but
it is also found at the cytokinetic furrow during anaphase where it generates the force required to
deform the plasma membrane [20, 21]. γ-actin displays a more variable localization depending
on the cell type but also functions in cell motility [15-19]. Additionally, β-actin localizes to the
nucleus where it enables RNA Polymerase-I-dependent transcription and chromatin remodeling
[22]. Deletion of α-skeletal or α-cardiac actin is developmentally lethal in mice [7, 23], and αsmooth muscle actin knockout mice exhibit impaired vascular contractility. Collectively, these
studies highlight the significance of actin isoforms in cells and during development, and also
reveal the functional specialization of the actin isoforms, despite their high degree of sequence
homology.
1.3

Actin Nucleation:

The second level in the regulation of actin cytoskeleton dynamics is the initiation of filament
assembly. Actin filaments are polarized structures that can polymerize at either end of the
filament. The “barbed” (or +) end is the fast-growing end of the actin filament, while the
“pointed” (or -) end is where actin disassembly generally occurs [24]. One of the critical steps in
the regulation of actin dynamics is de novo actin nucleation, or the formation of actin dimers and
trimers in conformations necessary for forming filaments. Although spontaneous actin nucleation
can occur, it is highly inefficient [24]. In order to overcome this obstacle in filament assembly,
human cells encode a variety of actin nucleation factors. Actin nucleators assemble distinct actin
filament structures ranging from unbranched filaments like in stress fibers, filopodia or the
contractile ring to dendritic branched filaments that enable cell motility [25]. Three major classes
of actin nucleators are responsible for initiating actin filament formation. The most recently
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identified class is the tandem-monomer-binding nucleators, which initiate filament formation by
clustering multiple actin monomers through their actin-binding domains. The second major class
is the formins, consisting of at least 15 different mammalian proteins making them the largest
class [26]. Formins nucleate actin by stabilizing actin dimers and processively moving with the

Figure 1-2: The tandem-monomer-binding proteins, formins, and the Arp2/3 complex are
three main classes of actin nucleators. Tandem-monomer-binding proteins nucleate actin by
binding actin to a cluster of WH2 domains. Formin dimers bind actin monomers and initiate
linear actin filaments. The Arp2/3 complex binds the WASP family proteins and existing actin
filaments to initiate branched actin filament formation.
elongating filament at the barbed end [27, 28]. The third class of nucleators is made up of the
Arp2/3 complex which is unique in that it is the only nucleator that assembles filaments from the
side of existing filaments [24, 29]. By itself, the Arp2/3 complex shows weak basal nucleation
activity, and so it relies on other interacting proteins known as nucleation promoting factors
(NPFs) to nucleate actin. A special category of these NPFs are the Wiskott-Aldrich Syndrome
4

Proteins (WASPs) that bind to the Arp2/3 complex and induce a conformational change
necessary to initiate actin filament assembly [30, 31]. Formins and tandem monomer binding
nucleators form linear actin filaments, whereas the Arp2/3 complex forms branched actin
filaments (Fig.1) [32].
1.3.1 The Actin-binding WH2 Motif
Despite differences in their mechanisms of actin nucleation, many of the nucleators possess one
or more actin-binding WH2 domains (WASP homology 2, also known as Verprolin homology).
The WH2 motif was first identified in budding yeast as an actin-binding domain in Verpolin
[33]. Since then, at least 50 different proteins with one or more WH2 motifs have been
identified, and orthologs have been characterized in model organisms such as S. cerevisiae, S.
pombe, Drosophila, and Dictyostelium [32]. The SMART database predicts the presence of WH2
domains

in

many

more

eukaryotic

proteins

and

a

few

in

prokaryotes

(http://smart.embl.de/smart/do_annotation.pl?DOMAIN=SM00246) [34]. The WH2 motif is an
intrinsically disordered sequence between 30 and 50 amino acids long [35, 36]. It is mainly
identified by a central consensus actin-binding motif: LKKT/V. Interestingly, nearly identical
WH2 motifs can either inhibit or enable actin polymerization, depending on the accessibility of
the WH2 motif to form a complex with the barbed ends of G-actin [37, 38]. For instance, a class
of small proteins known as β-Thymosins are composed almost entirely of a single WH2 motif
and are major G-actin sequestering proteins. Alternatively, WH2 domains are also an integral
part of tandem-monomer-binding nucleators, which directly initiate linear actin filament
formation. Spire, a tandem monomer binding protein with four WH2 motifs, has been implicated
not only in actin nucleation but also in actin filament severing in vitro, whereby the WH2 motifs
bind to the side of the actin filament and induce a conformational change that destabilizes the
actin interaction and thus severs the filament [39, 40].
5

Figure 1-3: WH2 motif containing proteins have diverse structural and functional
properties. Domain topology diagram of WH2 motif (shown in red) containing proteins.
Abbreviations: A (Acidic), WH1 (WASP Homology 1) , B (Basic), C (Connector), CC
(Coiled-Coiled), GBD (GTPase-Binding Domain), JYD (Jmy Domain), PRD (Proline Rich
Domain), P (Polyproline), SHD (Scar Homology Domain), TBR (Tubulin binding region),
WAHD (WASH Homology Domain), W (WH2), WMD (WHAMM Membrane interaction
Domain).
1.3.2 Tandem-monomer-binding nucleators
Spire (Spir), Cordon bleu (Cobl), Leimodin (Lmod), the adenomatous polyposis coli (APC)
protein, and a handful of bacterial proteins (VopF/L/N) together form the class of actin
nucleators known as tandem-monomer-binding nucleators [41]. Proteins in this class contain
tandem WH2 motifs that cluster actin subunits together to form an actin nucleus, thus
accelerating actin polymerization. However, more recent studies indicate that tandem WH2
motifs alone are not adequate to drive efficient actin nucleation. Instead, additional interactions
with adjacent domains or other proteins are necessary for actin filament formation [42]. Based on
a crystal structure, Spire stabilizes actin nuclei in a long pitch (end-to-end) conformation via its
four WH2 motifs, and an actin-binding site in a linker region [43]. In vitro actin polymerization
6

studies show that Spire nucleates actin to form unbranched actin filaments and remains bound
to the pointed end of the newly formed actin filament, similar to the Arp2/3 complex.
However, the rate of Spire-induced actin polymerization is significantly slower than that of the
Arp2/3 complex [44]. In addition to nucleating actin, Spire was also found to depolymerize actin
filaments upon binding to the barded ends, however an alternate mechanism is proposed in
which the rapid depolymerization is largely due to an actin sequestering activity of Spire [40,
45].
Spire was the first discovered and is one of the most widely studied proteins within this
class of nucleators. It was initially identified as a polarity factor essential for oogenesis in flies,
and a similar function was later identified in mammals [46, 47]. Spire has two orthologs, Spir1
and Spir2, in metazoans [48]. All Spire proteins contain a Kinase non-catalytic C-lobe domain
(KIND) at their N-termini, a cluster of four WH2 motifs (WH2-A,B,C,D) in their central regions,
and a modified Fab1p, YOTB, Vac1p and EEA1 (FYVE) domain at their C-termini [49]. The
modified FYVE domain is important for binding negatively charged endosomal membranes [50,
51], whereas the KIND domain mediates interactions with the formins Fmn2 and Cappuccino
[52, 53].
Leiomodins (Lmod1, Lmod2, and Lmod3) are another group of tandem-monomer-actin–
binding nucleators. Unlike the Spires, Leiomodins have only one WH2 motif, but this motif is
preceded by an actin-binding helix and a leucine-rich repeat (LRR) [34]. In vitro structural and
biochemical assays indicate that nucleation by Lmod1 is governed by the clustering of two actin
monomers between the N-terminal region of Lmod1 with tropomyosin, the LRR, and C-terminal
WH2 motif [54]. Leiomodins are exclusively expressed in muscle cells and form linear actin
filaments [55]. Lmod1 is expressed in smooth muscle whereas Lmod2 and Lmod3 are found in
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cardiac and skeletal muscle, respectively [56]. Depletion of Lmod2 impairs sarcomere
organization and assembly, whereas depletion of Lmod3 results in the disorganization of thin
filaments which is associated with congenital myopathy.
1.3.3 Formins
Formins are the second class of actin nucleators and are defined by a characteristic Formin
Homology 2 (FH2) domain. Most formins consist of an actin nucleating FH2 domain, profilinactin binding Formin Homology 1 (FH1) domain, and a variety of regulatory domains (GTPase
binding domain (GBD), Diaphanous-autoregulatory domain (DAD), Diaphanous inhibitory
domain (DID)) [49]. Mammals encode at least 15 different formin genes, which are segregated
into seven different groups based on domain organization and phylogenetic analysis. Formin1
(FMN1) was the first protein to be identified within this family, when it was mistakenly
associated with limb deformity [57]. Other groups within of this family are Dia (Diaphanous),
FHOD (Formin Homology Domain-containing protein), Delphilin, INF (Inverted formin), FRL
(formin-related

gene

in leukocytes),

and

DAAM

(Dishevelled-Associated Activator

of Morphogenesis) [58]. Although WH2 motifs are not a characteristic feature of the formins,
there are a few members that possess this motif. In vitro studies involving the formin INF2 show
that its WH2 can accelerate the depolymerization of actin filaments [59].
Unlike other classes of actin nucleators, formins move processively with the elongating
barbed ends of actin filaments and as a result of this actin-binding property, they have been
shown to cap, sever, and bundle actin filaments [60-63]. In vitro polymerization assays show
that FH2 domains form homodimeric “doughnut” structures to nucleate actin [27, 64, 65],
however flexible proline-rich FH1 domains are necessary for accelerating elongation by
recruiting profilin-actin and attaching it to the growing barbed end [62]. Although formins are
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generally associated with actin assembly, they have also been implicated in microtubule
organization. The formins mDia1 and mDia2 have been shown to bind and stabilize microtubules
[66, 67]. Initial studies in yeast examining the role of formins showed that are essential for the
formation of cytokinetic rings during the final step of cell division. Since then, formins have
been shown to influence cell polarity, endocytosis, and cell adhesion [68].
Moreover, increasing evidence suggests that formins are important in cell motility.
Studies have shown that mDia1 and mDia2 [69], FHOD1, and FMNL2/3 can localize at the cell
periphery [69-71]. Inhibition or depletion of mDia1 [72, 73] or truncation of the FH1-FH2
domains [73] can result in cell motility defects. Slower cell migration in wound healing assays is
also observed upon inhibition of the FMNL2/3 and FRL formins [72, 74, 75], while
overexpression of FHOD1 enhances migration [76]. Collectively, these studies suggest that
formins may generate seed filaments necessary for Arp2/3-dependent branching, and that the
loss of these formins abolishes the protrusion forces necessary for efficient cell migration.
1.3.4 Arp2/3 Complex
The Arp2/3 complex is composed of seven evolutionarily conserved subunits [77, 78]. The two
largest actin-related protein subunits (Arp2 and Arp3) give the complex its name, and are
essential for its strong nucleation activity [79]. Unlike the other two classes of actin nucleators,
the Arp2/3 complex forms branched actin networks [80]. The Arp2/3 complex-mediated
branched actin filament networks generate the forces necessary for a myriad of membrane
remodeling processes including cell motility, endocytosis, and vesicle trafficking. Initial
purification of the Arp2/3 complex from Acanthamoeba extracts identified it as a large
heteromeric protein complex [77]. The seven subunits of the complex are designated as Arp2,
Arp3, ArpC1, ArpC2, ArpC3, ArpC4 and ArpC5 [81]. However, in mammals the ArpC1 and
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ArpC5 subunits include two isoforms each [82, 83] (Fig. 4). Although their expression levels
vary among different cell types, it was observed that these subunit isoforms are actively
assembled into different combinations of complexes [84]. Most importantly, variability in the
subunit assembly of the Arp2/3 complex has a direct effect on the nucleation efficiency and the
stability of the actin filaments [84]. Moreover, isolation of the Arp2/3 complex from smooth
muscle extracts shows the formation of hybrid complexes comprised of Arp2, Arp3, ArpC2, αactinin and vinculin, instead of the canonical ArpC1-5 subunits [85] .

Figure 1-4: Isoform diversity within the Arp2/3 complex adds an additional level of regulation to
the actin assembly process. Figure was modified from Pizarro-cerda, et al., 2017

By itself, the Arp2/3 complex is inefficient at actin nucleation [24]. Actin nucleation
involves conformational changes within the Arp2/3 complex in which the Arp2 and Arp3
subunits are organized to mimic an actin dimer [30, 31]. These conformational changes within
the Arp2/3 complex are triggered by nucleation-promoting factors (NPFs) [86] and possibly by
phosphorylation of the Arp2/3 complex at conserved threonine or tyrosine residues

[87].

However, mutagenesis studies in Dictyostelium [88] and S. pombe [88] show that these
phosphorylation sites are not essential for Arp2/3 complex activity. Several different NPFs can
activate the Arp2/3 complex, and the Listeria monocytogenes surface protein ActA was the first
NPF to be identified [29]. Most NPFs have a characteristic WCA (WH2-Connector-Acidic)
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domain that is comprised of one or more actin-binding WH2 motifs followed by a connector (C)
and acidic (A) region that bind Arp2/3 complex [89-91]. Structural studies [30, 92] and chemical
cross-linking experiments [93, 94] indicate that a conformational shift within the Arp2/3
complex takes place upon binding to the WCA domain of the NPFs, whereby Arp2 and Arp3
adopt a short-pitch actin helix conformation reminiscent of an actin dimer. The current model of
Arp2/3 activation suggests a multimerization of the Arp2/3 complex by two WCAs
simultaneously, which bring actin monomers to the branch site and form the actin nucleus
necessary to initiate filament formation [95, 96]. Interestingly, a recent in vitro study suggests
that WASP-family proteins might not only function in nucleation, but also promote elongation,
whereby profilin-bound actin is transferred from proline-rich domains onto nearby barbed ends
to promote filament elongation [97].
Force generation by Arp2/3-mediated branched actin networks is pivotal for cell
migration, shape changes, adhesion, and vesicle trafficking. This diversity in function is derived
from differential recruitment of different NPFs. Most of these regulatory proteins are members of
the WASP-family. Over the last two decades, eight different WASP-family proteins have been
identified in mammals: WASP, N-WASP, WAVE1, WAVE2, WAVE3, WASH, WHAMM, and
JMY [32]. Each of these factors exhibits a specific intracellular localization. The first of these
proteins to be identified was WASP, and its deficiency causes human X-linked
immunodeficiency diseases [98]. Other NPFs, such as N-WASP (Neuronal-WASP) and the
WAVEs (WASP family Verprolin homolog proteins, also referred to as SCAR (suppressor of
cAMP receptors)), localize at the plasma membrane and are involved in different membrane
protrusion and endocytic processes [99-104]. NPFs such as WASH (WASP and Scar homolog)
are associated with endosomes and direct vesicle trafficking [105-107]. More recently identified
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members of the WASP family include WHAMM (WASP homolog associated with actin,
membranes and microtubules), which localizes to the cis-Golgi and autophagosomes [108-111],
and JMY (Junction mediating and regulatory protein), which shuttles between the cytoplasm and
the nucleus and has wide ranging functions such as anterograde vesicle trafficking and
autophagosome biogenesis [112-114].
Unlike other nucleators, the Arp2/3 complex uses pre-existing “mother” filaments to
initiate branched actin filament formation, and upon filament assembly the complex remains
bound to the side of the mother filament and the pointed end of the daughter filament [24]. But
recent in vitro studies show that a family of nucleation-promoting factors including
WISH/DIP/SPIN90 (WDS), can activate the Arp2/3 complex to form linear filaments without
the need for mother filaments [115]. Additionally, single molecule imaging with WDS proteins
and WASP indicates that this mechanism aids in the formation of linear actin filament networks
at the leading edge of the cells for WASP-mediated Arp2/3 complex activation [116].
1.4

Role of WASP-family proteins in cell protrusion:

Actin cytoskeleton remodeling at the plasma membrane is critical for many aspects of cellular
functions, including cytokinesis, cell adhesion, endocytosis, and cell motility. The Arp2/3
complex is one of the main actin filament assembly factors that generate the pushing forces
necessary to drive membrane remodeling [24, 117, 118]. Actin assembly at the plasma
membrane can give rise to distinct actin polymer structures such as those within a large flat
membrane protrusion called the a lamellipodium, a non-adhesive structure that rises vertically at
the cell periphery called a ruffle, and a finger-like projection termed a filopodium [119] (Fig. 5).
Changes in the shape of the plasma membrane are governed by a complex array of signaling
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molecules, plus actin assembly and disassembly factors. For this section, I will primarily focus
on the functions of the Arp2/3 complex and the WASP-family proteins at the plasma membrane.

Figure 1-5: Actin polymers can be organized into distinct structures within the cells.

Due to the kinetics of actin filament assembly, ATP bound actin monomers are added at a
faster rate at the barbed (+) end than the pointed (-) end [120]. At a “steady state,”
polymerization of actin monomers at the barbed end is matched by a loss at the pointed end ,
resulting in no net change in the length of the filament [121]. This flux across actin filaments,
referred to as treadmilling, is essential for maintaining monomer levels above the critical
concentration for filament assembly. Upon activation by NPFs, the Arp2/3 complex assembles
branched actin filament networks at the front of the cell, and as the older filaments move away
from the leading edge they are eventually disassembled. This phenomenon of actin filament
rearward movement is referred to as retrograde flow [122, 123]. Actin depolymerizing factor
ADF/cofilin family proteins are key regulators of the disassembly of actin networks and provide
a mechanism for actin turnover in cells so that subunits are again available for subsequent use
[124]. Overall, Arp2/3 mediated F-actin polymerization generates protrusive forces at the leading
edge, and in coordination with cell adhesion sites, non-muscle myosin generates the contractile
force to pull the cell body forward [125-127].
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In the current model of branched actin filament formation, N-WASP and WAVE proteins
are recruited to the leading edge, where they remain membrane-associated through a series of
signaling events [128, 129]. Activation of the Arp2/3 complex relies on its association with the
membrane-bound activators [130]. However, WASP/N-WASP and WAVE proteins usually exist
in an inactive state, albeit by different mechanisms, and require additional inputs for their
activation. N-WASP exists in an autoinhibited conformation via interactions between its central
GTPase-binding domain (GBD) and C-terminal WCA domain [100, 131-134]. Binding of the
Rho GTPase Cdc42 and phosphatidylinositol (4,5)-bisphosphate (PIP2), and phosphorylation of
specific serine and tyrosine residues can relieve N-WASP autoinhibition [133, 135, 136]. In
contrast, the WAVE WCA domains are sequestered within the multi-subunit WAVE regulatory
complex, which binds to the N-terminal WHD (WAVE homology domain) [137, 138]. However,
the WCA domain becomes accessible to the Arp2/3 complex and actin upon Rac1, Arf1, and
phospholipid binding [137, 139].
Although a lot is known about the mechanisms governing the activation and localization
of the WASP/WAVE proteins, their precise roles in cell motility in different cells and organisms
are somewhat controversial. F-actin polymerization at the leading edge of cells by WAVE/SCAR
proteins is essential for lamellipodia formation and cell motility in mammalian fibroblast and
epithelial cells [100, 140, 141]. However, SCAR null mutants in Dictyostelium migrate at normal
rates [142, 143], and in a human carcinoma cell line, WAVE depletion resulted in N-WASPmediated invasion of 3D collagen-matrix [134]. On the other hand, N-WASP knockout in mouse
fibroblasts and in Drosophila S2 cells shows that it is dispensable for cell migration [69, 144146]. These differences could be due to the architecture of membrane protrusions, the different
migration strategies employed by different cell types, and/or the composition of the extracellular
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matrix. It remains to be seen how future studies will examine the relationships of these factors
and tease apart their contributions in a physiological setting. It is also possible, that we have not
discovered the entire repertoire of factors that may be involved in cell motility, and hopefully
future studies will provide further insights.
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1.5

Research Goals:

Understanding the regulation of the actin cytoskeleton is challenging due to its ubiquitous
distribution in cells. Actin filament assembly is regulated by a large number of actin binding
proteins, leading to the complex dynamics of different actin based structures that provide
support, enable motility, and help organize the contents of the cell [32, 41]. Identifying these
actin assembly proteins is critical for a comprehensive understanding of the dynamic
organization of actin in various cellular processes. In my thesis, I have provided bioinformatic
analyses and described biochemical properties of the new WASP-family protein WHIMP and
also identified the functions of WHIMP in cell motility.
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CHAPTER 2: WHIMP is an Arp2/3-dependent actin nucleation-promoting factor

2.1

Abstract:

Actin nucleation factors from the Wiskott-Aldrich Syndrome Protein (WASP) family cooperate
with the Arp2/3 complex to assemble branched filament networks during cell migration, vesicle
trafficking, and many other vital cellular functions. To initiate actin assembly, conserved WH2Connector-Acidic (WCA) domains within the eight known mammalian WASP-family proteins
bind to both actin monomers and the Arp2/3 complex. Based on sequence similarity to Cterminal WCA domains and secondary structure comparisons of the N-terminal regions, we have
identified a new protein in the family, WHIMP (WAVE Homology In Membrane Protrusions).
Using a bioinformatics approach, we were able to identify a new member of the WASP family
due to the presence of the characteristic actin and Arp2/3-binding WCA domain. Biochemical
analyses using purified proteins in pyrene-actin assembly assays suggested that recombinant
WHIMP is a weaker nucleation-promoting factor than other WASP-family proteins.
Immunoblotting of mouse organ extracts and several different mouse cell lines indicated that
WHIMP is expressed in multiple tissues. Separation of NIH3T3 cells into their nuclear,
membrane, and cytosolic fractions revealed that endogenous WHIMP is found predominantly in
the cytosol. Further examination of WHIMP localization by fluorescence microscopy confirmed
that GFP-tagged WHIMP is dispersed throughout the cytoplasm. However, after cells were
treated with epidermal growth factor, WHIMP became enriched at membrane ruffles.
Overexpression of WHIMP also caused a small increase in the cytoplasmic levels of actin
filaments. Taken together, these results provide insight into the actin assembly properties,
expression, and localization of WHIMP as a new member of the WASP family.
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2.2

Introduction:

The formation of actin filament networks is essential for many cellular functions, such as cell
migration, endocytosis, and intracellular trafficking [1]. Branched actin polymerization is
initiated by the recruitment and activation of a seven-subunit macromolecule known as the
Arp2/3 complex [2]. The Arp2/3 complex by itself has weak actin nucleation activity, but it can
be activated by binding partners called nucleation-promoting factors (NPFs) [3, 4]. These factors
are also integral in the recruitment of the complex to different cellular locations. Many NPFs are
members of the Wiskott-Aldrich Syndrome Protein (WASP) family, a class of proteins that is
defined by the presence of a C-terminal WH2-Connector-Acidic (WCA) domain [5].
WCA domains are sufficient for activating the Arp2/3 complex and promoting actin
nucleation [6-8]. These domains are comprised of one or more actin monomer-binding WH2
motifs, a central Arp2/3-binding domain, and an acidic region. Collectively, the WCA domains
induce conformational changes within the Arp2/3 complex which stimulate actin nucleation and
branching [3, 9-11]. In vitro, maximal activation of the Arp2/3 complex occurs when two WCA
domains bind to the Arp2/3 complex [12-14]. Cortactin stabilizes the Arp2/3 complex-mediated
actin networks and accelerates the displacement of the WCA from branch junctions, which
enables the WCA to be recycled and used for further activation [15, 16].
Currently, eight different WASP-family proteins have been identified in mammals:
WASP, N-WASP, WAVE1, WAVE2, WAVE3, WASH, WHAMM, and JMY [17]. Each of
these exhibits a specific intracellular localization. The first of these proteins to be identified was
WASP, which is important for T-cell development and chemotaxis [18, 19], and its deficiency
causes human X-linked immunodeficiency diseases [20]. Other NPFs, such as N-WASP
(Neuronal-WASP) and the WAVEs (WASP family Verprolin homolog proteins), localize
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beneath the plasma membrane and are involved in different membrane protrusion and endocytic
processes [21-26]. WASH (WASP and Scar homolog) localizes to endosomes and directs vesicle
trafficking [27-29]. WHAMM (WASP homolog associated with actin, membranes and
microtubules) localizes to the endoplasmic reticulum (ER)-Golgi intermediate compartment
(ERGIC) [30, 31]. JMY (Junction mediating and regulatory protein) predominantly localizes in
the cytoplasm but in response to DNA damage it accumulates in the nucleus where it functions
as a p53 cofactor [32-34]. Both WHAMM and JMY can also localize to autophagosomes and
their depletion in cells results in defects in autophagosome biogenesis [35-37].
Although many WASP-family proteins have been discovered in the last two decades,
understanding the function of the complete repertoire of actin-binding proteins is an active area
of research. Using WH2 motif homology, we have identified a new WASP-family protein and
through in vitro biochemical assays and cell-based experiments we have characterized its actin
assembly properties.
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2.3

Materials and Methods:

Plasmids, Bacteria, Viruses, and Cells
Plasmids are listed in Table 1. For cloning, DNA fragments were amplified from cDNA
templates by PCR, digested, and ligated into the appropriate restriction enzyme sites. Plasmids
were maintained in E.coli XL-1 Blue (Stratagene). Bacmids were maintained in DH10Bac
(Invitrogen). All bacteria were grown at 37°C. Baculoviruses were generated using the Bac-toBac system (Invitrogen). Sf9 insect cells were grown in ESF 921 media (Expression Systems)
plus antibiotic-antimycotic at 28°C. NIH3T3, Neuro2a, HT22, and B16-F1 cells (ATCC) were
grown in Dulbecco’s Modified Eagle’s Medium (DMEM), plus 10% fetal bovine serum (Life
Technologies) and antibiotic-antimycotic at 37°C in 5% CO2.
DNA/RNA Transfections
Prior to DNA and RNA transfections, NIH3T3 cells were grown in 6 or 24-well plates for 24h.
For expression of fluorescently-tagged proteins, cells were transfected with 500-1500ng of DNA
using LipofectamineLTX with Plus reagent (Invitrogen). For RNA interference experiments,
cells were transfected with 50nM siControl siRNAs (Ambion) or siWHIMP Stealth siRNAs
(MSS210515, MSS210516, MSS277782; Ambion) using RNAiMAX (Invitrogen). NIH3T3 cells
were treated with a cocktail of three different siRNAs, while B16-F1 cells were treated with
independent siRNAs. Cells were incubated in growth media for 24h after DNA transfections and
48h after siRNA transfections. Cells grown in 6-well plates were collected and processed for
immunoblotting, and cells grown on coverslips in 24-well plates were subsequently fixed using
paraformaldehyde.
Stable Cell Lines
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NIH3T3 cells cultured in 6-well plates were transfected with 3-4μg of linearized plasmid
encoding LAP, mCherry, LAP-WHIMP, or mCherry-WHIMP. 24h later, the cells were
transferred to growth media containing 800μg/mL G418 (ThermoFisher) for 48h. Cells were then
reseeded into T-75 flasks, allowed to reach 80-90% confluency, induced in media containing
10mM sodium butyrate for 16-18h, and FACS-sorted by gating for high (top 10%) and medium
(top 15-30%) expressers. FACS-sorted cells were grown in media containing 800μg/mL G418.
Tagged WHIMP expression was confirmed by fluorescence microscopy and Immuno-blotting.
Protein Expression and Purification
Sf9 cells were infected with baculoviruses as described previously (Shen et al., 2012). Cells were
collected 72h after infection and centrifuged at 3,500 rpm for 12 min at 4°C in a Fiberlite F12-6S
x 500 fixed angle rotor (ThermoFisher). Cell pellets were resuspended in MBP buffer (20mM
Tris pH 7.6, 250mM NaCl, 100mM KCl, 5% glycerol, 1mM EDTA, 1mM DTT, 10μg/ml each
of aprotinin, leupeptin, pepstatin, and chymostatin, and 1mM PMSF), and frozen using liquid
nitrogen. For lysis, infected cell suspensions were freeze-thawed in the presence of 0.1% Triton
X-100, sonicated at 60% power for 35s three times using a Fisher dismembranator, and
centrifuged at 35,000 rpm for 20 min at 4°C in a 70.1Ti rotor (Beckman Coulter). Supernatants
were passed through 0.45μm filters and mixed with amylose resin (New England Biolabs) to
isolate the MBP-tagged proteins. Bound proteins were eluted in MBP buffer supplemented with
10mM maltose. Purified proteins were then dialyzed into pyrene-actin assay control buffer
(20mM MOPS pH 7.0, 100mM KCl, 2mM MgCl2, 5mM EGTA, 1mM EDTA, 10% glycerol)
using Slide-A-Lyzer Mini Dialysis Devices (Thermo Scientific) and concentrated using 30kDa
MWCO Amicon Ultra-4 centrifugal filter units (Millipore). Protein concentrations were
measured using Bradford assays (Bio-Rad).
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Pyrene Actin Assembly Assays
Pyrene-actin assembly assays were performed similar to experiments described previously [38].
Actin (Cytoskeleton Inc.) was resuspended in G-buffer (5mM Tris, pH 8.0, 0.2mM CaCl2,
0.2mM dithiothreitol (DTT), 0.2mM ATP) and subjected to gel filtration chromatography using
a Superdex 200 column (GE Healthcare) to remove small filaments. Actin (2.0 µM; 7% pyrene
labeled) was then polymerized in the presence of 20nM bovine Arp2/3 complex (Cytoskeleton
Inc.) plus MBP-tagged fusion proteins in control buffer supplemented with 0.2mM ATP and
0.5mM DTT. Pyrene fluorescence was measured using a Horiba Jobin Yvon Fluorolog-3
spectrofluorimeter capable of multi-wavelength excitation/detection and equipped with a fourposition sample changer. Polymerization rates were calculated as described previously [11, 39]
by measuring the slopes of pyrene curves at half of the maximal F-actin concentration using
Microsoft Excel. Graphs for maximum actin polymerization rates and times to half maximal
polymer were generated using GraphPad Prism. The actin polymerization curves were fitted
using nonlinear regression analysis.
Tissue Extraction
Brain, heart, kidney, liver, and testis were obtained from two 5-month-old male C57/B6 mice.
Harvested organs were washed with phosphate-buffered saline (PBS) and frozen in liquid
nitrogen. Tissue extracts were prepared by resuspending organs in 800μl of lysis buffer (10mM
Tris-HCl pH 7.4, 150mM NaCl, 1mM EDTA, 1% Triton X-100, and a protease inhibitor cocktail
consisting of aprotinin, leupeptin, pepstatin, and chymostatin, and PMSF). Tissues were
homogenized for three 30s pulses using a POLYTRON PT-1200 tissue homogenizer. The tissue
lysates were then clarified by centrifugation at 10,000 x g for 30 min at 4°C. Protein
concentrations were measured using Bradford assays.
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RNA Extraction and RT-PCR
Total RNA from NIH3T3, HT22, and Neuro2a cells was extracted using the Ambion Purelink
minikit (Ambion), and then treated with RNase-free DNase I (Ambion Turbo DNase) to
eliminate potential genomic contamination. 2μg of total RNA was used as substrate for first
strand cDNA synthesis with Superscript III RT (Invitrogen). For PCR, 4μl of synthesized cDNA
mixtures were used in 25μl reactions with Taq polymerase (NEB). For normalization and
quantification, β-actin was used as a control. Sequences of PCR primers were
ATGGAGAATGATAAGAGTGAAGAACAAAGG and
GGATATGTTCTTTCAAGAGTTGACACTGA for WHIMP, and
GCTCGTCGTCGACAACGGCT and GGTCATCTTCTCGCGGTTGG for β-actin.
Immunoblotting
To prepare whole cell extracts, cells were washed with PBS prior to collection using
trypsin/EDTA. Cell pellets were obtained via centrifugation at 1,150 x g for 5 min at room
temperature and subsequently lysed in 50mM Tris-HCl (pH 7.6), 50mM NaCl, 1% Triton X-100,
1mM PMSF, and 10μg/ml each of aprotinin, leupeptin, pepstatin, and chymostatin, before
mixing with SDS–PAGE sample buffer. Protein samples were boiled and subjected to SDS–
PAGE before transfer to 0.2μm porous nitrocellulose membranes (GE Healthcare). Membranes
were blocked in PBS with 5% milk before being probed with antibodies. Affinity purified
chicken anti-WHIMP antibodies were generated against mouse WHIMP amino acids 9-21 (Aves
Labs). Rabbit anti-MBP antibodies were prepared as previously described. Other antibodies were
mouse anti-GFP (Santa Cruz SC9996), rabbit anti-mCherry (Abcam Ab167453), mouse antitubulin (Developmental Studies Hybridoma Bank, E7), and mouse anti-GAPDH (Invitrogen
AM4300). Secondary antibodies were conjugated to IRDye 800CW (LI-COR). Images were
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captured using a LI-COR Odyssey Fc Imaging System. Band intensities were determined using
LI-COR Image Studio software.
Fluorescence Microscopy
NIH3T3 cells cultured on glass coverslips in 24-well plates were fixed using 3.7%
paraformaldehyde, and permeabilized with 0.1% Triton X-100 diluted in PBS. DNA was stained
using 1µg/mL 4’,6- diamidino-2-phenylindole (DAPI; Invitrogen), and F-actin was visualized
using 0.2U/mL of Alexa568, 488, or 647-conjugated phalloidin (Invitrogen). All samples were
mounted using ProLong Gold antifade (Invitrogen). Secondary antibodies were conjugated to
Alexa Fluor 555 or 647 (Invitrogen). Images were captured on a Nikon Ti-E inverted microscope
using 20X/0.5, 60X/1.40 numerical aperture objectives and an Andor Clara-E camera. Images of
cells were converted to 16-bit format and analyzed using ImageJ software. Quantification of
intracellular F-actin levels were measured by outlining cell perimeters and calculating mean
pixel intensities of phalloidin fluorescence using ImageJ. F-actin pixel intensities for each
condition were normalized to cells expressing GFP.
Ruffling Assays
NIH3T3 cells stably expressing either LAP-tagged or mCherry-tagged WHIMP were cultured on
glass coverslips in 24-well plates in normal growth media containing 10mM sodium butyrate for
24h, then serum-starved for 6h and stimulated with 100ng/ml EGF (Sigma). Cells were fixed at
2, 5, 10, and 30-minute intervals using 3.7% paraformaldehyde, and permeabilized with 0.1%
Triton X-100 diluted in PBS. Cells were stained and visualized as described above. Quantitative
analysis of WHIMP and F-actin staining intensity at the plasma membrane was performed in
ImageJ with the line scan function. A 10μm line was drawn perpendicular to the plasma
membrane at three different locations for three different cells. The curves represent the mean
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pixel intensity of mCherry-WHIMP and phalloidin staining along the selected line. F-actin pixel
intensity was normalized to the background and the edge of the cell was set as 0.
Statistical Analysis
F-actin fluorescence intensities were quantified by outlining the perimeter of the cells (n=30)
using ImageJ software. For statistical analyses of data, differences between mean intensities in
different conditions were determined using a two-tailed Student’s t test in. P-values were
determined using two-tailed Student’s t tests in Graphpad Prism. P-values <0.05 were considered
statistically significant.
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2.4

Results:

2.4.1 WHIMP is a new WASP-family protein with a WCA domain and homology to WAVE
proteins
Given the presence of WCA domains in all WASP-family members, we began a search for
unidentified mammalian nucleation factors by using the BLAST program to look for WH2
motif-containing proteins in the mouse proteome. We identified an uncharacterized putative
protein, Gm732, which is 516 amino acids long and harbors a single WH2 domain and an acidic
peptide at its C-terminus (Fig. 2-1A-B). Moreover, a tryptophan residue was found at the third
position from the end of the C-terminus (Fig. 2-1B). A tryptophan at this position is found in all

Figure 2-1: WHIMP possesses a characteristic WASP-family WCA domain. (A) The
domain organizations and lengths of murine WASP-family proteins and WHIMP are shown.
Abbreviations: A (acidic), B (basic), C (connector), CC (coiled-coil), GBD (GTPase-binding
domain), LIR (LC3-interacting region), P (polyproline), PRD (proline rich domain), W
(WASP homology 2), WAHD1-2 (WASH homology domain 1-2), WH1 (WASP homology
1), WHD (WAVE homology domain), WMD (WHAMM membrane interaction domain). (B)
The sequence logo illustrates the sequence conservation among the WH2 (orange) and acidic
motifs (dark green) of the WASP-family proteins. The most conserved residues in the WH2
motif, the acidic residues in the A motif, and the critical tryptophan are highlighted in bold.
(C) The % amino acid identities of full-length WHIMP, its WCA domain, and its WH2 motif
compared to other murine WASP-family proteins and motifs are shown.
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other mammalian WASP-family members and is important for binding to the Arp2/3 complex
[40]. Within its putative WCA domain, Gm732 appears to be most closely related to WAVE1
(Fig. 2-1C).
Previous bioinformatics studies indicate that WASP-family proteins are present in
different species that are separated by millions of years of evolution [41, 42]. One such study
also uncovered Gm732 as a murine WASP-family gene (LOC213450) [41]. Using the Ensemble
genome browser [43], Gm732 orthologs were identified and subjected to sequence alignment.
Geneious software was used to generate a gene tree of putative orthologs of Gm732 from several
organisms in order to identify conserved sequence features (Fig 2-2 A-B). Interestingly, protein
sequence analyses of Mus musculus Gm732 suggest that Gm732 has a 67% identical ortholog in
rats and a 51% identical ortholog in hamsters (Fig. 2-2C). Although distantly related proteins are
predicted to exist in sheep, rabbit, armadillos, and elephants, no human homolog of this protein
has yet been identified.
Primary sequence analysis suggests that Gm732 lacks the distinct N-terminal domains
that define the WASP, WAVE, WASH, or WHAMM/JMY subfamilies. Poly-proline (P)
peptides, which are important for binding profilin-actin [44, 45], are present in every member of
the mammalian WASP-family, but are absent in Gm732. Interestingly, based on the sequence
similarity prediction program HHpred [46], Gm732 bears some resemblance to the WAVE subfamily near its N-terminus (Fig. 2-2D). This region of limited homology partially overlaps with
the WAVE homology domain (WHD) and is well conserved among closely related orthologs of
Gm732 (Fig. 2-2E). Given this sequence similarity to the WAVEs and our functional
characterization described below, we have decided to name this new member of the WASPfamily WHIMP - WAVE Homology In Membrane Protrusions.
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Figure 2-2: Orthologs of mouse WHIMP are present in various vertebrates. (A)
Consensus sequence illustration of WHIMP orthologs aligned using Geneious software. Nonconserved regions are depicted as white regions, while partially conserved and identical
residues are shown as gray and black regions respectively. (B) A phylogenetic tree of WHIMP
was constructed using estimates of maximum likelihood phylogenies (PhyML) from
alignments of amino acid sequences generated by Geneious software. The scale bar indicates
the branch length and amino acid substitution per site. (C) Primary domain structures for
mouse, rat, and Chinese hamster are shown for WHIMP along with their sequence identity and
similarity for the entire protein (left) and for different regions within the protein (right). (D)
The HHpred algorithm (upper alignment) predicts limited sequence similarity between amino
acids 154-192 of the WAVE1 α6 helix and residues 35-72 of WHIMP (light green). H=helix
and C=coil, where uppercase letters represent higher confidence predictions. (E) Multiple
sequence alignment of WHIMP from different species showing the α6 WAVE homology
region near the N-terminus. Identical residues, similarly, charged residues, and semiconservative substitutions are indicated by asterisks, colons, and periods, respectively.
2.4.2 WHIMP is expressed in multiple mouse tissues and cell lines
While most WASP-family proteins are expressed ubiquitously in mammals, some are
preferentially expressed in certain tissue types. For instance, N-WASP is expressed in most cell
types [47], whereas WASP is expressed in hematopoietic cells [48]. Similarly, the three WAVE
proteins are expressed in many different cell types, but WAVE1 and WAVE3 levels are elevated
in neuronal cells [49]. Consequently, we wanted to examine if the WHIMP protein is expressed
in mice, and if so, whether it is expressed in different tissues and cells. Gene Expression Atlas
[50], a public repository of gene and protein expression patterns, suggests that the WHIMP
mRNA is expressed throughout

different

tissue

types and is elevated in testis

(https://www.ebi.ac.uk/gxa/genes/ensmusg00000073006?bs=%7B%22mus%20musculus%22%3A%5B%
22ORGANISM_PART%22%5D%7D&ds=%7B%22kingdom%22%3A%5B%22animals%22%5D%7D#
baseline). To investigate this, we generated extracts derived from different mouse organs and

immunoblotted them using a custom antibody raised against an N-terminal peptide of WHIMP.
The affinity purified antibody recognized a band slightly larger than WHIMP’s predicted
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Figure 2-3: WHIMP is expressed in different mouse tissues and cell lines. (A) Protein
extracts were prepared from organs of a male C57/B6 mouse, separated by SDS-PAGE
(30μg/lane), and immunoblotted for WHIMP and Tubulin. (B) RNA isolated from HT22,
NIH3T3, and Neuro2a cells was reverse transcribed (+RT) and subjected to PCR using
primers for WHIMP and a β-actin control. The resulting products were visualized on ethidium
bromide-stained agarose gels. PCR products were not detected when the reverse transcriptase
was omitted (-RT). (C) HT22, Neuro2a, and NIH3T3 cell lysates were separated by SDSPAGE and immunoblotted for WHIMP and Tubulin. (D) NIH3T3 cells and (E) B16-F1 cells
treated with either a control siRNA, a GAPDH siRNA or WHIMP-specific siRNAs for 48h
were subjected to SDS-PAGE and immunoblotted for WHIMP, Tubulin, and GAPDH.
Relative amounts of WHIMP, Tubulin, and GAPDH in cells were determined by
densitometry of the representative blot.
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molecular weight of 55kDa. WHIMP appeared to be present in multiple tissue extracts, although
the band intensities in brain and testis extracts were weaker relative to heart, kidney, and liver
(Fig. 2-3A). Based on these results, WHIMP protein is broadly expressed in murine tissues but
not elevated in testis.
We next examined WHIMP expression levels in several mouse cell lines via RT-PCR
and by immunoblotting. RT-PCR using RNA extracted from HT22 and Neuro2a neuronal cell
lines, as well as NIH3T3 fibroblasts demonstrated that WHIMP is transcribed in these cell lines
(Fig. 2-3B). Using protein extracts from these cells, we immunoblotted for WHIMP and found
that WHIMP protein was indeed expressed in the different mouse cell lines (Fig. 2-3C).
Additionally, to confirm the specificity of the WHIMP antibody, we treated NIH3T3 cells with
siRNAs targeted to WHIMP. Immunoblotting results revealed an 80% reduction in the ~60 kDa
band’s intensity in NIH3T3 cells (Fig. 2-3D). In B16-F1 melanoma cells, a 60-70% reduction
was observed in cells treated with independent siRNAs targeted to WHIMP (Fig. 2-3E). These
results show that WHIMP is expressed in multiple mouse tissues and cell lines.
2.4.3 WHIMP is a weak actin nucleation-promoting factor in vitro and in cells
Since WHIMP is predicted to have a WCA domain, we first sought to test whether it could
promote actin nucleation in vitro. We therefore cloned the WHIMP cDNA sequence into a
plasmid encoding an N-terminal maltose binding protein (MBP) tag. Recombinant MBP-tagged
WHIMP protein was then expressed and isolated from baculovirus-infected insect cells (Fig. 24A). As predicted, pyrene-actin assembly assays demonstrated that, in the presence of the Arp2/3
complex, MBP-WHIMP caused a concentration-dependent increase in actin polymerization rates
relative to an MBP control (Fig. 2-4B). This was reflected in increases in maximum
polymerization rates (Fig. 2-4C) and decreases in times to reach half-maximum polymerization
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(Fig. 2-4D). Additionally, in the absence of the Arp2/3 complex we did not observe any
significant WHIMP-dependent changes in the actin-assembly curves. In order to gauge
WHIMP’s nucleation-promoting activity, we expressed and purified recombinant MBP-tagged
WHAMM, which was previously shown to be a relatively weak actin assembly factor [30].
Comparison of MBP-WHIMP-associated actin polymerization rates and halftimes to those of
WHAMM indicated that WHIMP was a less potent activator of the Arp2/3 complex (Fig. 2-4BD).
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Figure 2-4: WHIMP is a weak actin nucleation-promoting factor in vitro. (A) Purified
maltose binding protein (MBP) tagged full-length WHIMP was subjected to SDS-PAGE
followed by staining with Coomassie blue or immunoblotting with anti-WHIMP or anti-MBP
antibodies. (B) Representative actin polymerization assays using 2μM actin (7% pyrenelabeled), 20nM Arp2/3 complex, and the indicated concentrations of MBP, MBP-WHIMP, or
MBP-WHAMM are shown. AU, arbitrary units. (C) Maximum actin polymerization rates
were calculated from curves shown in B. (D) Times to half-maximal polymer were calculated
from curves shown in B.
Given that WASP and N-WASP have been shown to be auto-inhibited, we wanted to
ascertain if WHIMP’s weak nucleation-promoting activity might be due to similar autoinhibition. Because WCA domains are sufficient to initiate actin nucleation by binding G-actin
and the Arp2/3 complex, we purified an MBP-tagged version of the WHIMP WCA domain (Fig.
2-5A) and compared its activity to MBP-WCA domains from other WASP-family proteins in
pyrene-actin assembly assays.
We next tested whether WHIMP(WCA) can induce actin assembly in an Arp2/3dependent or independent manner, because previous in vitro studies have demonstrated that
JMY(WWWCA) can accelerate actin assembly in an Arp2/3-independent manner [51]. As
expected, JMY(WWWCA) caused a significant increase in the actin assembly rate in the absence
of the Arp2/3 complex, but a similar increase was not observed with either WHIMP(WCA) or
WHAMM(WWCA) (Fig. 2-5B). However, in the presence of the Arp2/3 complex, we saw an
increase in actin polymerization with the addition of WHIMP(WCA) (Fig. 2-5B). Together,
these results show that WHIMP-associated actin assembly is Arp2/3-dependent.
We next compared actin assembly rates in the presence of WHIMP(WCA) or WCA
domains from six other members of the WASP-family at a range of concentrations. In the
presence of 20nM Arp2/3 complex and WCA concentrations of 50nM (Fig. 2-5C) and 200nM
(Fig. 2-5D), WASP and WAVE2 stimulated the fastest actin polymerization kinetics, whereas
WHIMP displayed the slowest kinetics. Furthermore, quantification of the polymerization curves
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indicated that the maximum actin assembly rates for 500nM WASP(WCA) and WHIMP(WCA)
were 46nM/s and 3nM/s, respectively (Fig. 2-5E). Although actin polymerization mediated by
WHIMP(WCA) was slow even at this high concentration, it was still 3-fold faster than the MBP
control. Consistent with these results, calculation of the time to half maximum polymer for
500nM WASP(WCA), WHIMP(WCA), and MBP were 29s, 355s, and 700s, respectively (Fig.
2-5F). Overall, the WASP-family WCA regions could be placed into a hierarchy based on their
nucleation-promoting potency, where WASP, WAVE2 > N-WASP, JMY > WHAMM > WASH
> WHIMP.

44

Figure 2-5: WHIMP harbors the least potent WCA domain in the WASP family. (A)
Purified MBP-tagged WCA domains from WASP-family proteins (5μg/lane) were separated
by SDS-PAGE and stained with Coomassie blue. (B) Representative actin polymerization
assays using 2μM actin (7% pyrene-labeled), with or without 20nM Arp2/3 complex, and
200nM MBP-JMY(WWWCA), MBP-WHIMP(WCA), MBP-WHAMM(WWCA), or MBP
are shown. AU, arbitrary units. (C-D) Actin polymerization assays were performed using
20nM Arp2/3 complex in the presence of 50nM or 200nM MBP-WCA fusion proteins. (E)
Maximum actin polymerization rates driven by the Arp2/3 complex and different
concentrations of MBP-WCA fusion proteins were calculated. (F) Times to half-maximum
polymer formed in the presence of the Arp2/3 complex and different concentrations of MBPWCA fusion proteins were calculated.
45

To test whether WHIMP might enhance or inhibit the nucleation-promoting activity of
other WASP-family proteins, we combined the MBP-tagged WCA domains of WAVE2 and
WHIMP in pyrene-actin assembly assays. In the presence of the Arp2/3 complex and a low
concentration of WAVE2(WCA) by itself, we observed an expected increase in actin
polymerization (Fig. 13). When we mixed WAVE2(WCA) with an excess of either an MBP
control or MBP-WHIMP(WCA), we detected no significant changes to actin assembly rates (Fig.
2-6). Based on these observations, it appears that WHIMP(WCA) does not have a synergistic or
an inhibitory effect on actin assembly in the presence of another WCA domain.

Figure 2-6: WHIMP(WCA) does not affect the activity of WAVE2(WCA) in vitro. Actin
polymerization assays using 2μM actin (7% pyrene-labeled), 20nM Arp2/3 complex, and a
combination of MBP, MBP-WHIMP(WCA), and MBP-WAVE2(WCA) are shown. AU,
arbitrary units.
Given the weak nucleation-promoting activity of WHIMP in vitro, we wondered whether
this low level of potency was intrinsic to WHIMP or if it could be due to a lack of necessary
cofactors under these conditions. To test this, we examined whether overexpression of full-length
WHIMP or the WHIMP WCA domain could generate actin filament assembly in cells by
transiently transfecting NIH3T3 fibroblasts with plasmids expressing GFP-WHIMP, GFPWHIMP(WCA), or GFP-N-WASP(WWCA) as a control (Fig. 2-7A). All GFP-tagged proteins,
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localized predominantly in the cytosol, but in a small subset of cells, we were observed GFPWHIMP localization at the cell periphery (Fig. 2-7B). Quantification of phalloidin-stained Factin in cells expressing GFP-WHIMP or GFP-WHIMP(WCA) revealed an approximate 25%
increase in cytoplasmic F-actin content relative to cells expressing GFP alone (Fig. 2-7C). By
comparison, cells transfected with GFP-N-WASP(WWCA) showed a 2-fold increase in
cytoplasmic F-actin fluorescence (Fig. 2-7C). We also transiently transfected B16-F1 melanoma
cells with plasmids expressing GFP-WHIMP, GFP-WHIMP(WCA) or GFP-N-WASP(WWCA)
(Fig. 2-8). Similar to NIH3T3 cells, we observed a marginal increase in F-actin staining in cells
expressing GFP-WHIMP, GFP-WHIMP(WCA) or GFP-N-WASP(WWCA). Thus, our in vitro
and cellular experiments collectively suggest that WHIMP is a weak actin nucleation-promoting
factor.
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Figure 2-7: WHIMP is a weak actin assembly factor in cells. NIH3T3 cells transiently
expressing GFP or GFP-tagged N-WASP(WWCA), WHIMP(WCA) or full-length WHIMP
were (A) separated by SDS-PAGE and immunoblotted for WHIMP, GFP, and GAPDH or
(B) fixed and stained with phalloidin to visualize F-actin (red) and with DAPI to label DNA
(blue). Scale bar, 20μm. (C) Mean F-actin fluorescence intensities were measured for cells
(n=30) expressing the GFP fusion proteins and normalized to F-actin intensity in cells
expressing GFP alone. Each point represents a single cell, and the horizontal line represents
the mean +/- SD. *** p < 0.001 ** p < 0.01, * p < 0.05 (two tailed t-tests).
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Figure 2-8: GFP-WHIMP can localize to the cell periphery. B16-F1 cells transiently
expressing GFP or GFP-tagged N-WASP(WWCA), WHIMP(WCA) or full-length WHIMP
were fixed and stained with phalloidin to visualize F-actin (magenta) and with DAPI to label
DNA (blue). Scale bar, 20μm.
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2.4.4 WHIMP is primarily cytosolic but can be recruited to the cell periphery.
Previous studies have shown that several WASP-family proteins, including N-WASP and the
WAVEs, can preferentially localize beneath the plasma membrane [52-54]. In contrast, WASH
and WHAMM localize to endomembranes [29, 30, 55], while JMY shuttles between the cytosol
and the nucleus [56-58]. To better characterize the position of WHIMP in cells, we examined the
localization of GFP-WHIMP in transiently transfected NIH3T3 fibroblasts. GFP-WHIMP
showed a predominantly cytoplasmic localization in fixed cells (Fig. 2-7B). Interestingly, in a
small subset of NIH3T3 and B16-F1 cells that were transiently transfected with GFP-WHIMP,
we observed an enrichment of the GFP signal at the plasma membrane (Fig. 2-7B, 2-8). To
explore the possibility that WHIMP might be recruited to the plasma membrane, we generated
cells stably expressing mCherry or mCherry-WHIMP and LAP (Localization and Affinity
Purification tag) or LAP-WHIMP (Fig. 2-9A). Stable cell lines were sorted by FACS
(fluorescence-activated cell sorting) and segregated into medium and high expressing cells (Fig
2-9B). Expression of GFP or mCherry-tagged proteins was confirmed by Western blotting (Fig.
2-9C), and we observed that sodium butyrate treatment was required for expression of the tagged
proteins. Treatment of NIH3T3 cells expressing LAP-WHIMP with WHIMP specific siRNAs
resulted in complete depletion of LAP-WHIMP, while only partial reduction of endogenous
WHIMP was observed.
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Figure 2-9: NIH3T3 cells were engineered to encode fluorescently tagged WHIMP. (A)
Diagram of constructs used to generate NIH3T3 cell lines expressing recombinant fluorescent
fusion proteins. Abbreviations: GFP (Green fluorescent protein), S (S-peptide), mCh
(mCherry). (B) NIH3T3 cells were treated with 10mM sodium butyrate (NaBu) for 16-18h
and then sorted by flow-cytometry into different pools based on expression levels of
fluorescently tagged proteins. GFP and mCherry expression was verified in fixed cells stained
with phallodin to visualize F-actin (red) and DAPI to label DNA (blue). (C) NIH3T3 cells
stably encoding LAP-WHIMP and mCherry-WHIMP were treated with 10mM sodium
butyrate (NaBu) for 16-18h and analyzed by Western blotting. (D) NIH3T3 cells treated with
either control siRNAs or WHIMP-specific siRNAs for 48h were fixed and stained with
phalloidin to visualize F-actin (magenta) and with DAPI to label DNA (blue). Scale bar,
100μm.
(E) Cells treated as in part D were subjected to SDS-PAGE, and immunoblotted for WHIMP,
GFP, and Tubulin. The tagged and endogenous versions of WHIMP are indicated.
To more closely examine any potential recruitment of WHIMP to the cell periphery, cells
were fixed and stained 3 hours after seeding, during cell spreading. We observed mCherryWHIMP, but not mCherry, co-localize extensively with F-actin at the peripheral membrane
protrusions (Fig. 2-10A). In order to further characterize WHIMP at the cell periphery, we
examined its localization when serum-starved cells were supplemented with epidermal growth
factor (EGF) to induce membrane ruffling. Consistent with the spreading assays, mCherryWHIMP became enriched at membrane protrusions 5 minutes after adding EGF (Fig. 2-10B).
Furthermore, line-scan analyses of mCherry-WHIMP and F-actin fluorescence intensities
demonstrated a substantial increase in WHIMP localization to the F-actin-rich cortical
protrusions in response to EGF (Fig. 2-10C). A similar phenotype was also seen in cells stably
expressing LAP-tagged WHIMP (Fig. 2-10D). Collectively, these results indicate that WHIMP
can localize to the plasma membrane.
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Figure 2-10: WHIMP can be recruited to membrane protrusions. (A) NIH3T3 cells
stably encoding mCherry or mCherry-WHIMP were induced to express the fusion proteins,
seeded onto coverslips under serum-rich conditions, and allowed to adhere and spread for 3h.
Cells were then fixed and stained with phalloidin to visualize F-actin (red) and with DAPI to
label DNA (blue). Scale bar, 20μm. Magnifications highlight an mCherry-WHIMP-specific
enrichment at the cell periphery and colocalization with F-actin. (continued)
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(B) NIH3T3 cells stably encoding mCherry and mCherry-WHIMP were induced, serumstarved, and stimulated with epidermal growth factor (EGF) for 5 min. Cells were then fixed
and stained with phalloidin to visualize F-actin and with DAPI to label DNA. Scale bar,
20μm. (C) Line scan plots depict the mean pixel intensity of mCherry, mCherry-WHIMP and
phalloidin near the edge of the cells (n=3). Phalloidin pixel intensity was normalized for the
background, and the edge of the cell was set to 0. RFU, relative fluorescent units. (D)
NIH3T3 cells stably encoding LAP and LAP-WHIMP were induced, serum-starved, and
stimulated with epidermal growth factor (EGF) for 5 min. Cells were then fixed and stained
with phalloidin to visualize F-actin and with DAPI to label DNA. Scale bar, 20μm.
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2.5

Discussion:

The Arp2/3 complex is a weak actin nucleator and relies on additional factors to initiate rapid
filament assembly [3, 4]. WASP-family proteins are a special class of actin-assembly factors that
bind actin through one or more WH2 motifs and bind the Arp2/3 complex to induce a
conformational change, resulting in the formation of an actin nucleus that is necessary to initiate
filament assembly [9, 59-61]. Mammals encode 8 different WASP-family proteins [62], and we
have identified the ninth member of the family.
We identified WHIMP based on its characteristic WCA domain and limited sequence
similarity to the WAVE proteins. Several of the WASP-family proteins are found universally
across mammalian species, but genomic analyses suggest that this new member is present
primarily in rodents. Sequence comparisons of WCA domains indicated that WHIMP most
closely resembles WAVE1, with 42% sequence identity in this region. Although there is only
about 8-12% protein sequence identity between the N-terminal regions of WHIMP and other
WASP-family proteins, WHIMP’s N-terminus shares similarity to the meandering α6 helix of
the WAVE proteins. The α6 region is important for the interaction between Sra1 and the WAVE
regulatory complex [63]. Interestingly, WHIMP orthologues in rat and hamster also show a high
degree of sequence identity in this region. However, given that the rest of the N-terminus of
WHIMP is distinct compared to all three WAVE proteins, that WHIMP lacks a proline-rich
peptide, and that WHIMP is the only WASP-family member to be located on the X-chromosome
besides WASP, we believe that WHIMP is not another member of the WAVE subfamily.
Since WHIMP possesses a WCA domain, we investigated its role in actin assembly in
vitro and in cells. We found that WHIMP is an Arp2/3-dependent actin nucleation-promoting
factor that does not appear to be regulated by a WASP-like autoinhibitory mechanism. Our
pyrene-actin assembly assays also provide one of the most comprehensive comparisons of the
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activity of WASP-family WCA domains. Based on these results, we placed the WCA domains
into a potency hierarchy where WASP, WAVE2 > N-WASP, JMY > WHAMM > WASH >
WHIMP. Since WHIMP showed the weakest nucleation-promoting activity, we explored the
possibility that WHIMP had a synergistic or an inhibitory effect on actin assembly in the
presence of another WCA domain. However, we did not observe a significant change in WAVE2
activity, even in the presence of a twenty-fold excess of WHIMP. Howver, it is still possible that
further experiments with other WCA domains or full-length WASP-family proteins may yield
different results. WHIMP was also a weak actin assembly factor in cells. Interestingly, prolinerich peptides are present in all WASP-family members except for WHIMP, and they have been
shown to be important for the recruitment of profilin-actin [52, 64, 65] and filament elongation
[66]. Consequently, it is possible that the weak actin assembly activity of WHIMP, at least in
cells, is partially due to the absence of proline-rich sequences.
In our localization experiments, we found that tagged WHIMP is dispersed throughout
the cytoplasm in NIH3T3 fibroblasts. However, we also observed WHIMP localization at the
edge in a subset of these NIH3T3 cells and in B16-F1 cells. Similar to other WASP/WAVE
proteins that can be recruited to the plasma membrane [47, 52, 67], WHIMP was recruited to
the cell periphery in response to growth factor treatment. This suggests that WHIMP
localization, and perhaps its nucleation-promoting activity may be regulated by receptor
tyrosine kinases signaling and/or downstream G-proteins in a manner analogous to other
members of the WASP-family [38, 52, 68, 69].
Collectively, these results indicate that WHIMP possesses an N-terminal region distinct
from other members of the WASP-family, and despite harboring a characteristic C-terminal
WCA domain, WHIMP displays a comparably weak nucleation-promoting activity. Like the
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WASP and the WAVEs, when WHIMP is overexpressed in cells it is recruited to the plasma
membrane and associates with membrane ruffles. All of these properties make WHIMP an
intriguing member of the WASP family, and uncovering its function in cells and identifying the
mechanism underlying its potential role in ruffles should provide a unique insight into the
regulation of the actin filament networks.
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Figure 2-11: List of plasmids used in this study
Description

Vector

Species

Residues

Restriction Enzyme Sites

Source

pKC-FastBac-MBP

pKC-FastBacMBP

N/A

N/A

N/A

Shen et al., 2012

pKC-FastBac-MBP-WHAMM

pKC-FastBacMBP

Human

1-809

KpnI-NotI

Shen et al., 2012

pKC-FastBac-MBP-WHIMP

pKC-FastBacMBP

Mouse

1-516

XhoI-HindIII

This study

pKC-FastBac-MBP-WASP(WCA)

pKC-FastBacMBP

Human

418-502

KpnI-NotI

This study

pKC-FastBac-MBP-N-WASP(WWCA)

pKC-FastBacMBP

Rat

386-501

KpnI-NotI

This study

pKC-FastBac-MBP-WAVE2(WCA)

pKC-FastBacMBP

Mouse

402-497

KpnI-NotI

This study

pKC-FastBac-MBP-WASH(WCA)

pKC-FastBacMBP

Human

326-465

KpnI-NotI

This study

pKC-FastBac-MBP-WHAMM(WWCA)

pKC-FastBacMBP

Human

659-809

KpnI-NotI

Shen et al., 2012

pKC-FastBac-MBP-JMY(WWWCA)

pKC-FastBacMBP

Mouse

817-983

KpnI-NotI

This study

pKC-FastBac-MBP-WHIMP(WCA)

pKC-FastBacMBP

Mouse

446-516

KpnI-NotI

This study

pKC-EGFP-C1

pKC-EGFP-C1

N/A

N/A

N/A

Campellone et al., 2008

pKC-EGFP-N-WASP(WWCA)

pKC-EGFP-C1

Rat

386-501

KpnI-EcoRI

This study

pKC-EGFP-WHIMP(WCA)

pKC-EGFP-C1

Mouse

448-516

EcoRI-SpeI

This study

pKC-EGFP-WHIMP

pKC-EGFP-C1

Mouse

1-516

EcoRI-SpeI

This study

pKC-mCherry-C1

pKC-mCherry-C1

N/A

N/A

N/A

Campellone et al., 2008

pKC-mCherry-WHIMP

pKC-mCherry-C1

Mouse

1-516

EcoRI-SpeI

This study

pKC-LAP-C1

pKC-LAP-C1

N/A

N/A

N/A

Campellone et al., 2008

pLAP-WHIMP

pKC-LAP-C1

Mouse

1-516

EcoRI-SpeI

This study
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CHAPTER 3: WHIMP is a WASP-family actin nucleation-promoting factor
that enhances cell motility

3.1

Abstract:

Actin-based protrusions are essential during the morphogenic events and drive embryogenesis,
wound healing, and immune surveillance. Actin nucleation factors from the Wiskott-Aldrich
Syndrome Protein (WASP) family cooperate with the Arp2/3 complex to assemble branched
filament networks that control these cellular functions. WHIMP (WAVE Homology In
Membrane Protrusions), was identified as the newest member of the WASP-family based on the
presence of a characteristic WCA domain that promotes actin nucleation and a limited sequence
similarity to the WAVE subfamily. In this chapter, I show that overexpression of WHIMP results
in macropinocytosis and enhanced wound healing, while WHIMP depletion slows cell migration.
Examination of receptor tyrosine kinase (RTK) signaling pathways showed an increase in
tyrosine phosphorylation and an activation of Src tyrosine kinases at the membrane ruffles.
Moreover, I observed WAVE proteins at WHIMP-induced membrane protrusions and inhibition
of Src kinases or the Rac G-protein signaling pathway resulted in diminished ruffling.
Collectively, these results not only indicate a direct role for WHIMP in membrane protrusions
and cell motility, but also suggest an indirect role via tyrosine kinase activation and recruitment
of other WASP-family proteins.
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3.2

Introduction:

Over the last two decades, 8 different WASP-family proteins have been identified in mammals:
WASP, N-WASP, WAVE1, WAVE2, WAVE3, WASH, WHAMM, and JMY. The first of these
proteins to be identified was WASP, which is expressed primarily in hematopoietic cells, and is
mutated in patients with several X-linked immunodeficiencies [183]. Other family members,
such as N-WASP (Neural-WASP) and the WAVEs (WASP family VErprolin homolog proteins,
also called SCAR (suppressor of cAMP receptors)), are expressed ubiquitously, localize to the
plasma membrane, function in different protrusive processes, and drive cell motility [140, 168,
170, 173, 184]. Members of the WASH (WASP and Scar Homolog) subgroup are found on
endosomes and direct endosomal trafficking [106, 107, 175]. The more recently identified
WASP-family proteins, WHAMM (WASP Homolog associated with Actin, Membranes and
Microtubules) and JMY (Junction Mediating and regulatorY protein), function in diverse
processes ranging from anterograde transport to autophagosome biogenesis to cell motility [108,
110, 111, 114, 176, 185].
In the current model of branched actin filament assembly, N-WASP and the WAVE
proteins are recruited to the leading edge of a motile cell, where they remain membraneassociated through a series of signaling events [128, 129]. Activation of the Arp2/3 complex and
subsequent actin nucleation relies on its association with the membrane-bound WASP-family
members [130]. Despite the convergence of WASP and WAVE/SCAR proteins at the plasma
membrane, these proteins have both redundant and unique roles based on cell and organism
type as well as expression levels [186, 187]. In mouse embryonic fibroblasts (MEFs) and
epithelial melanoma cells, F-actin polymerization at the leading edge by SCAR/WAVE proteins
is essential for lamellipodia formation and cell motility [100, 140, 141] whereas N-WASP is
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dispensable for this process [69, 144]. However, recent work in Dictyostelium and C. elegans has
demonstrated that a loss of SCAR/WAVE is partially compensated for by WASP [142, 188,
189], and both proteins are necessary for fast pseudopod-based motility [143]. The discrepancies
in the roles of WASP and the WAVE proteins are partly due to the distinct forms of motility that
these NPFs drive. WAVE/SCAR coordinates 2D migration associated with the formation of
lamellipodia and ruffles, whereas WASP/N-WASP proteins regulate 3D invasion associated with
podosomes and invadopodia [25]. Additionally, differential expression of these proteins further
adds to their complexity; for example, N-WASP is expressed ubiquitously, but WASP is
expressed only in hematopoietic cells [169]. Similarly, the WAVE isoforms are expressed
ubiquitously in different tissue types, but WAVE1 and WAVE3 expression is elevated in the
brain [170, 190, 191].
The functional divergence among WASP-family members is due to the modular
organization of their N-terminal domains. These distinct N-termini account for differences in
their interacting partners and cellular localizations. The recruitment and activation of WASPfamily members is regulated by heteromeric protein complexes, small GTPases, phospholipids,
SH3 domains, and tyrosine kinases [26]. WASP and N-WASP, which are potent Arp2/3 complex
activators in vitro, are autoinhibited by interactions between their central GTPase-binding
domain (GBD) and C-terminal WCA domain [136, 192]. This inhibition is disrupted upon
binding of the small GTPase Cdc42 to the GBD, and phosphatidylinositol-4,5-bisphosphate
(PI(4,5)P2) to an adjacent basic motif [133, 135, 136]. Additionally, phosphorylation of distinct
serine and tyrosine residues can also relieve N-WASP autoinhibition [193]. The inhibition and
activation of WASP and N-WASP are also influenced by interactions with proteins from the
WASP-interacting Protein (WIP) family [194].
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In contrast, the WAVE WCA domains are sequestered within the multi-subunit WAVE
regulatory complex, which binds to the N-terminal WHD (WAVE homology domain) [137,
138]. However, the WCA domain becomes accessible to the Arp2/3 complex and actin upon
Rac1, Arf1, and phospholipid binding to one or more of the WAVE complex subunits [137,
139]. WASH is also part of a large heteromeric regulatory complex analogous to that of the
WAVE Regulatory Complex [107, 175, 195]. It is not yet known if WHAMM and JMY exist in
stable multi-subunit complexes, although WHAMM’s nucleation-promoting activity can be
suppressed upon binding microtubules or the small G-protein Rab1 [109, 160]. It is also not
known if mammals express additional WASP-family proteins that function in any of the
aforementioned processes or are regulated by similar mechanisms.
In the previous chapter, I showed that WHIMP is an Arp2/3-dependent actin assembly
factor, and here I present further characterization of WHIMP’s function in cells and of the
mechanism of WHIMP-induced membrane ruffles and cell motility.
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3.3

Materials and Methods:

Cells
NIH3T3, Neuro2a, HT22, and B16-F1 cells (ATCC) were grown in Dulbecco’s Modified
Eagle’s Medium (DMEM), plus 10% fetal bovine serum (Life Technologies) and antibioticantimycotic at 37°C in 5% CO2. During live cell imaging B16-F1 cells were grown in
FluoroBrite DMEM media, plus 50mM HEPES pH 7.4, plus 10% FBS, and antibioticantimycotic at 37°C.
DNA/RNA Transfections
Prior to DNA and RNA transfections, NIH3T3 cells were grown in 6 or 24-well plates for 24h.
For expression of fluorescently-tagged proteins, cells were transfected with 500-1500ng of DNA
using LipofectamineLTX with Plus reagent (Invitrogen). For RNA interference experiments,
cells were transfected with 50nM siControl siRNAs (Ambion) or siWHIMP Stealth siRNAs
(MSS210515, MSS210516, MSS277782; Ambion) using RNAiMAX (Invitrogen). NIH3T3 cells
were treated with a cocktail of three different siRNAs, while B16-F1 cells were treated with
independent siRNAs. Cells were incubated in growth media for 24h after DNA transfections and
48h after siRNA transfections. Cells grown in 6-well plates were collected and processed for
immunoblotting, and cells grown on coverslips in 24-well plates were subsequently fixed using
paraformaldehyde.
Stable Cell Lines
NIH3T3 cells cultured in 6-well plates were transfected with 3-4μg of linearized plasmid
encoding LAP, mCherry, LAP-WHIMP, or mCherry-WHIMP. 24h later, the cells were
transferred to growth media containing 800μg/mL G418 (ThermoFisher) for 48h. Cells were then
reseeded into T-75 flasks, allowed to reach 80-90% confluency, induced in media containing 10

69

mM sodium butyrate for 16-18h, and FACS-sorted by gating for high (top 10%) and medium
(top 15-30%) expressers. FACS-sorted cells were grown in medium containing 800μg/mL G418.
Tagged WHIMP expression was confirmed by fluorescence microscopy and Western blotting.
Immunoblotting
To prepare whole cell extracts, cells were washed with PBS prior to collection using
trypsin/EDTA. Cell pellets were obtained via centrifugation at 1,150 x g for 5 min at room
temperature and subsequently lysed in 50mM Tris-HCl (pH 7.6), 50mM NaCl, 1% Triton X-100,
1mM PMSF, and 10μg/ml each of aprotinin, leupeptin, pepstatin, and chymostatin, before
mixing with SDS–PAGE sample buffer. Protein samples were boiled and subjected to SDS–
PAGE before transfer to 0.2μm porous nitrocellulose membranes (GE Healthcare). Membranes
were blocked in PBS with 5% milk before being probed with antibodies. Affinity purified
chicken anti-WHIMP antibodies were generated against mouse WHIMP amino acids 9-21 (Aves
Labs). Other antibodies were rabbit anti-WAVE1 (Abcam 0356), rabbit anti-WAVE2 (Cell
Signaling D2C8), mouse anti-GFP (Santa Cruz SC9996), rabbit anti-mCherry (Abcam
Ab167453), mouse anti-tubulin (Developmental Studies Hybridoma Bank, E7), and mouse antiGAPDH (Invitrogen AM4300). Secondary antibodies were conjugated to IRDye 800CW (LICOR). Images were captured using a LI-COR Odyssey Fc Imaging System. Band intensities
were determined using Li-COR Image Studio software.
Fluorescence Microscopy
NIH3T3 cells cultured on glass coverslips in 24-well plates were fixed using 3.7%
paraformaldehyde, and permeabilized with 0.1% Triton X-100 diluted in PBS. DNA was stained
using 1µg/mL 4’,6- diamidino-2-phenylindole (DAPI; Invitrogen), and F-actin was visualized
using 0.2U/mL of Alexa568-conjugated phalloidin (Invitrogen). F-actin in NIH3T3 mCherry-
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WHIMP cells was detected using 0.2U/mL of Alexa-488-conjugated phalloidin (Invitrogen). All
samples were mounted using ProLong Gold antifade (Invitrogen). The Arp2/3 complex subunits
were stained with ArpC2 (Millipore 07-227) and ARP3 (Sigma A5979) antibodies. Other antibodies used were phosphotyrosine (Cell Signaling 4473), and Src phosphotyrosine-416.
Secondary antibodies were conjugated to Alexa Fluor 555 or 647 (Invitrogen). Images were
captured on a Nikon Ti-E inverted microscope using 20X/0.5, 60X/1.40 numerical aperture
objectives and an Andor Clara-E camera. A Nikon A1R Spectral confocal microscope with
60X/1.40 numerical aperture objective was used to obtain confocal images. Images of cells were
converted to 16-bit format and analyzed using ImageJ software. Quantifications of intracellular
F-actin levels were measured by outlining cell perimeters and calculating mean pixel intensities
of phalloidin fluorescence using ImageJ. F-actin pixel intensities for each condition were
normalized to cells expressing GFP.
Ruffling Assays
Quantitative analysis of WHIMP and F-actin staining intensity at the plasma membrane was
performed in ImageJ with the line scan function. A 10μm line was drawn perpendicular to the
plasma membrane at three different locations for three different cells. The curves represent the
mean pixel intensity of mCherry-WHIMP and phalloidin staining along the selected line. F-actin
pixel intensity was normalized to the background and the edge of the cell was set as 0. Similar
line scan plots were generated in cells expressing LAP and LAP-WHIMP that were stained for
Arp3 and ArpC2. Horizontal and vertical lines depict the mean pixel intensity of LAP, LAPWHIMP, Arp3, and ArpC2 along 10μm lines near the edge of the cells. The edge of the cells for
the vertical 10μm lines was set to 0μm.
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Macropinocytosis assays
NIH3T3 cells were cultured overnight on glass coverslips in 24-well plates. Cells were serum
starved for 1h and then incubated in TMR-dextran (Invitrogen D1818) at a final concentration of
0.1 mg/mL for 1h at 37°C. Cells were rinsed three times in cold PBS and immediately fixed
using 3.7% paraformaldehyde but not permeabilized. Cells were stained DAPI and Alexa-647
and visualized as described above. TMR dextran intensities were quantified by outlining cell
perimeters using ImageJ from images acquired by fluorescence microscopy.
Transferrin Uptake Assay
NIH3T3 cells were cultured overnight on glass coverslips in 24-well plates and then transfected
with 1000ng of DNA using LipofectamineLTX with Plus reagent (Invitrogen), and incubated in
growth media overnight. Cells were serum starved for 5h and then placed on ice and incubated at
4°C for 30min. Media containing Alexa Fluor 568–transferrin (Invitrogen) at final concentration
of 100 ng/ml was added to cells which were then incubated on ice for 45min followed by uptake
for 0–30 min at 37°C. Cells were fixed in 3.7% paraformaldehyde, and were stained and
visualized as described above.
Endosome colocalization Assay
NIH3T3 cells were cultured overnight on glass coverslips in 24-well plates and then
cotransfected with 800ng of GFP-WHIMP and Rab5 WT or Rab5Q79L DNA using
LipofectamineLTX with Plus reagent (Invitrogen), and incubated in growth media overnight.
Cells were fixed in 3.7% paraformaldehyde and were stained and visualized as described above.
Wound Healing Assays
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For cell wound healing assays, NIH3T3 cells stably expressing LAP or LAP-WHIMP were
cultured in 6-well plates and treated with siRNAs as discussed above. After overnight siRNA
treatment, cells were lifted with trypsin/EDTA and seeded into specialized wells that were
separated by silicone spacers (Ibidi, two well insert in a 35-mm μ-dish) for imaging cell
migration, and also into a new 6-well plate. Cells were cultured overnight in normal growth
media containing 10mM sodium butyrate. After 24h, the silicon spacer was removed, cells were
washed two times with warm growth media and imaged at two locations at 0h, 6h, 12h, and 24h
time points. For B16-F1 migration assays, I used the same protocol as NIH3T3 cells, but B16-F1
cells were kept in an Okolab cage incubator at 37°C and images were acquired at 5min intervals
for 12h. Quantification of cell-free areas was performed using ImageJ. Cells from 6-well plates
were cultured in parallel and processed for immunoblotting.
Chemical Inhibitors Experiments
NIH3T3 cells were treated with CK666 (Sigma-Aldrich SML0006) at a final concentration of
100μM for 1h to inhibit the Arp2/3 complex, EHop-016 (Sigma-Aldrich SML0526) at a final
concentration of 4μM for 5h to inhibit Rac1 activity, and PP2 (4-amino-5-(4-chlorophenyl)-7-(tbutyl)pyrazolo[3,4-d]pyrimidine) (Sigma-Aldrich 529573) at a final concentration of 2μM for 1h
to inhibit Src kinase activity. Cells were then fixed in 3.7% paraformaldehyde, stained and
visualized as described above.
Statistical Analysis
Statistical analyses of the F-actin fluorescence intensities between different conditions were
determined using a two-tailed Student’s t-test in Microsoft Excel. In membrane protrusion
assays, protrusive regions were identified by examining F-actin enrichment at the cell boundary
in fixed cells, but in live cells a combination of phase contrast images and fluorescence intensity
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of GFP was used. For statistical analyses of data, differences in mean F-actin intensities,
protrusion width, and protrusion speed in different conditions were determined using a two-tailed
Student’s t-test using Graphpad Prism. In wound healing assays, areas unoccupied by cells were
measured using ImageJ. For statistical analyses of data, differences between wound areas from
different conditions at different time points were determined using a two-tailed Student’s t-test in
Excel. Statistical analyses of ruffling frequencies were determined by one-way ANOVA.
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3.4

Results:

3.4.1 WHIMP and the Arp2/3 complex co-localize at membrane protrusions.
In the previous chapter, I provided evidence showing that WHIMP is an Arp2/3-dependent actin
assembly factor in vitro and that overexpression of WHIMP induced membrane ruffles in cells.
Next, I wanted to ascertain if the Arp2/3 complex is present in these membrane ruffles. To
determine if WHIMP colocalized with the Arp2/3 complex at the protrusions, I stained cells
stably expressing LAP or LAP-WHIMP with antibodies to the Arp3 or ArpC2 subunits of the
Arp2/3 complex. A very similar localization pattern was observed between both the Arp2/3
complex subunits and LAP-WHIMP (Fig. 3-1A). Interestingly, when I stained the same LAPWHIMP cells with a WAVE1 antibody, I observed endogenous WAVE1 localization at
WHIMP-induced membrane ruffles. Additionally, line-scan analyses revealed a strong overlap
between the Arp2/3 complex subunits, WAVE1, and LAP-WHIMP at the protrusions (Fig. 3-1BC). I observed that at the cell periphery there were some areas with more LAP-WHIMP present
than WAVE1, while in others the distribution was reversed.
To further examine protein co-localization at the membrane ruffles, I examined the cells
using confocal microscopy. 3D-confocal image scans from confocal microscopy validated our
previous results showing similar localization patterns between Arp3, WAVE1, and LAPWHIMP at the membrane ruffles (Fig. 3-2A-C). Orthogonal views from Z-stack slices (XZplane) indicated strong colocalization between Arp3 and LAP-WHIMP along the height of the
membrane protrusion. Similar localization was observed at the edge of the cell between LAPWHIMP and WAVE1. Moreover, line-scan analyses not only revealed an overlap between Arp3,
WAVE1, and LAP-WHIMP, but also an increase in F-actin intensity at the colocalization sites.
Taken together, these results suggest that WHIMP recruitment to sites of parallels that of plasma
membrane remodeling the Arp2/3 complex.
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Figure 3-1: WHIMP and the Arp2/3 complex co-localize at membrane protrusions. (A)
NIH3T3 cells stably expressing a Localization and Affinity Purification (LAP) tag or LAPWHIMP were fixed and stained with phalloidin (magenta) to visualize F-actin, antibodies to
Arp3 or ArpC2 (red) to detect the Arp2/3 complex, an antibody against WAVE1 (red), and
DAPI to label DNA (blue). Scale bar, 20μm. Insets (bottom row) highlight LAP- and LAPWHIMP-specific enrichment at the cell periphery and co-localization with the Arp2/3
complex. (B) Line scan plots depict the mean pixel intensity of LAP, LAP-WHIMP, Arp3,
and ArpC2 along the horizontal 10μm lines near the edge of the cells. (C) Line scan plots
depict the mean pixel intensity of LAP, LAP-WHIMP, Arp3, ArpC2, and WAVE1 along the
vertical 10μm lines near the edge of the cells. The edge of the cell was set to 0μm.
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Figure 3-2: WHIMP co-localized with the Arp2/3 complex and WAVE1. Confocal
microscopy images of NIH3T3 cells stably expressing LAP or LAP-WHIMP were fixed and
stained with phalloidin (magenta), DAPI (blue), antibodies to (A-B) Arp3 (red) or (C)
WAVE1 (red). Scale bar, 20μm. The large panels show maximum intensity Z-projections
(large image), and adjacent orthogonal views of the yz planes (side) and xz planes (bottom)
are indicated by the two red lines. The plot profiles on the right depict pixel intensity of either
LAP, LAP-WHIMP, F-actin, Arp3, or WAVE1 along 10μm horizontal line drawn at the
intersection of the two red lines.
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3.4.2 WHIMP overexpression induces large fast-moving membrane ruffles.
Membrane protrusions are an essential step in cell motility [119]. Previous studies of all
WASP-family proteins have shown that the WCA domain is essential for the activation of the
Arp2/3 complex, and deletion of this domain results in the loss of nucleation-promoting activity
[90, 101, 196, 197]. Consequently, to test whether WHIMP-associated membrane ruffles are
Arp2/3 dependent, I generated cells stably expressing a LAP-tagged WHIMP mutant lacking the
WCA domain (WHIMP(ΔWCA)) for comparison to LAP and LAP-WHIMP expressing cells.
Expression of the LAP-WHIMP(ΔWCA) mutant was verified via immuno-blotting and immunefluorescence microscopy (Fig. 3-3A-B). Similar to the transiently transfected NIH3T3 cells, I
observed a small but a statically significant increase in the F-actin intensity in cells stably
expressing LAP-WHIMP (Fig. 3-3C). However, upon treatment with a WHIMP specific siRNA
or expression of LAP-WHIMPΔWCA, I observed that F-actin intensity levels matched that of
the control LAP-expressing cells (Fig. 3-3C). Fluorescence microscopy images showed WHIMP
induced membrane ruffles better than LAP alone, while LAP-WHIMPΔWCA-expressing cells
showed diminished ruffling compared to LAP-WHIMP-expressing cells in both fixed and live
conditions (Fig. 3-3B, E). This observation was verified by quantification of the protrusion
width, which was significantly lower in cells expressing LAP-WHIMPΔWCA compared to
LAP-WHIMP (Fig. 3-3D). Similarly, depletion of endogenous WHIMP in B16F1 cells also
resulted in diminished membrane ruffling (Fig. 3-4A-B), as well as reduced maximum cell
protrusion speeds and protrusion widths (Fig. 3-4C-E). These results suggest that the WCA
domain is necessary for the formation of WHIMP-induced membrane ruffles.
To further characterize WHIMP’s role in membrane dynamics, I quantified the maximum
protrusion speeds of cells stably expressing LAP, LAP-WHIMP, and LAP-WHIMPΔWCA.
Based on kymographs of ruffles generated from live cell imaging, the maximum protrusion
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speeds of cells expressing LAP-WHIMP were almost three times that of cells expressing LAPWHIMPΔWCA or the LAP control (Fig. 3-3E-G). Finally, to ascertain the role of the Arp2/3
complex in WHIMP-mediated membrane protrusions, I treated cells with the Arp2/3 inhibitor
CK666. A 1h incubation with CK666 resulted in a 60% reduction in the number of LAPWHIMP cells that displayed ruffling (Fig. 3-3I).
These results suggest that the activation of the Arp2/3 complex by WHIMP’s WCA
domain is important for the formation of membrane ruffles.
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Figure 3-3: WHIMP overexpression induces large fast-moving membrane ruffles. (A)
NIH3T3 cells stably expressing LAP, LAP-WHIMP, or LAP-WHIMP(∆WCA) were
subjected to SDS-PAGE and immunoblotted for GFP, WHIMP, and GAPDH. (B) Cells
expressing LAP, LAP-WHIMP, or LAP-WHIMP(∆WCA) were fixed and stained with
phalloidin (magenta) to visualize F-actin, and DAPI to label DNA (blue). Scale bar, 20μm.
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(C) Mean F-actin fluorescence intensities were measured for cells expressing the GFP fusion
proteins, and normalized to F-actin intensity in cells expressing GFP alone. Each point
represents a single cell (n > 70), and the horizontal lines represent the mean +/- SD from 2
experiments. *** p < 0.001 ** p < 0.01, * p < 0.05 (t-tests). (D) Membrane protrusion width
was measured using ImageJ in fixed (n > 60) and in live cells (n > 15) expressing different
LAP-tagged variants. Protrusive regions were identified by examining F-actin enrichment at
the cell boundary in fixed cells, and a combination of phase-contrast images and fluorescence
intensities of GFP in live cells. Each point represents a single cell, and the horizontal line
represents the mean +/- SD. *** p < 0.001 ** p < 0.01, * p < 0.05 (t-tests). (E) Images
captured at the indicated times show live cells stably expressing LAP, LAP-WHIMP, or
LAP-WHIMP(∆WCA). Phase-contrast images are shown on the right. Arrowheads highlight
the positions of protrusions. (F) Representative kymographs of membrane protrusions
obtained from time-lapse imaging of indicated LAP-WHIMP variants are shown. (G) Each
point represents maximum protrusion speed of a single cell measured by calculating the time
taken by the leading edge to reach its farthest point (n >15). The horizontal lines represent the
mean +/- SD. *** p < 0.001 ** p < 0.01, * p < 0.05 (t-tests). (H) NIH3T3 cells stably
expressing LAP or LAP-WHIMP were treated with either DMSO or 100μm CK666 for 1h
and then fixed and stained with phalloidin (magenta) to visualize F-actin, and DAPI to label
DNA (blue). Scale bar, 20μm. (I) Each bar represents the % of cells with ruffles (n > 150)
from two independent experiments.
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Figure 3-4: WHIMP knockdown inhibits membrane ruffles. (A) Live cell imaging of B16-F1
cells treated with WHIMP or Brk1 siRNAs. Insets show magnified view of cells with ruffles.
Scale bar 100μm (B) Each bar represents the % of cells with ruffles (n > 100). (C)
Representative kymographs of membrane protrusions obtained from time-lapse imaging
of indicated siRNA treated B16F1 cells. (D) Each point represents the maximum protrusion
speed of a single cell measured by calculating the time taken by the leading edge to reach its
farthest point (n >10). The horizontal lines represent the mean (E) Membrane protrusion width
was measured using ImageJ in fixed (n > 50). +/- SD. *** p < 0.001 ** p < 0.01, * p < 0.05 (ttests).
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3.4.3 WHIMP overexpression enhances macropinocytosis
When imaging, I occasionally observed the formation of circular cup-shaped structures,
resembling macropinocytic cups, at the dorsal surfaces of fixed and live cells expressing LAPWHIMP (Fig. 3-5A-B). Previous studies have shown that the WAVE proteins are important for
the formation of membrane ruffles [140, 141, 197], and WAVE2 knockout inhibits the formation
of dorsal ruffles which may give rise to macropinosomes [140]. To test whether WHIMP
enhances macropinocytosis, I incubated cells stably expressing LAP-WHIMP with 70kDa
rhodamine-conjugated dextran (Fig. 3-5C). Due to the large size of the dextran molecules, they
are excluded from other receptor-mediated endocytic processes [198]. Following a 60min
incubation, fluorescence images indicated a significant increase in dextran intensity within cells
expressing LAP-WHIMP (Fig. 3-5D).
I also incubated transiently transfected GFP-WHIMP-expressing cells with Alexa568conjugated transferrin to determine if WHIMP was important for receptor-mediated endocytosis.
I did not see substantial co-localization between GFP-WHIMP and transferrin (Fig. 3-5E). To
further explore a possible role for WHIMP during the early stages of endocytosis, I looked for
co-localization between GFP-WHIMP and the early endosome marker Rab5 [199, 200]. In cells
co-transfected with GFP-WHIMP and either wildtype mCherry-Rab5 or constitutively active,
mCherry-Rab5Q79L, I did not observe any co-localization of GFP-WHIMP with mCherry-Rab5
or with the dramatically enlarged mCherry-Rab5Q79L endosomes (Fig. 3-5F). These results
show that WHIMP is important for non-selective macropinocytosis rather than receptor-mediated
forms of endocytosis.
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Figure 3-5: WHIMP overexpression enhances macropinocytosis. (A) Cells expressing
LAP-WHIMP were fixed and stained with phalloidin (magenta) to visualize F-actin, and
DAPI to label DNA (blue). The arrows highlight the formation of peripheral (top) and dorsal
ruffles (bottom). Scale bar, 20μm (B) Live imaging of NIH3T3 cells stably expressing LAPWHIMP. The arrows highlight circular dorsal ruffle formation and closure. Phase-contrast
images are shown on the bottom. Scale bar, 20μm. (continued)
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(C) NIH3T3 cells expressing LAP or LAP-WHIMP were incubated with 70kDa TMRdextran (red) for 60min and then fixed and stained with DAPI to label DNA (blue). Insets
highlight increased amounts of TMR-dextran in LAP-WHIMP after 60min incubation. Scale
bar, 20μm. (D) Each point represents the mean TMR-dextran intensity per cell measured
using ImageJ. n ≥ 30 cells from two independent experiments. The horizontal line represents
the mean +/- SD. *** p < 0.001, ** p < 0.01, * p < 0.05 (t-tests). (E) NIH3T3 cells were
transiently transfected with GFP-WHIMP and, after 24h, incubated with transferrin-Alexa568
(10µg/ml) at 4°C for 30min in serum starvation media. Cells were then moved to 37°C and
fixed and stained with phalloidin (magenta), and DAPI (blue) at different time points. Insets
highlight the lack of localization between GFP-WHIMP and transferrin. Scale bar, 20μm. (F)
NIH3T3 cells were co-transfected with GFP-WHIMP and either wildtype Rab5 (middle) or
constitutively active Rab5Q79L (right) and, 24h later, fixed and stained with phalloidin
(magenta), and DAPI (blue). Scale bar, 20μm. Insets highlight the lack of co-localizing
between GFP-WHIMP and either wildtype Rab5 or large endosome-associated Rab5Q79L.
Scale bar, 20μm.
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3.4.4 WHIMP enhances cell motility.
Previous localization studies involving N-WASP, the WAVE proteins, and JMY have shown that
these proteins can be recruited to the plasma membrane to drive protrusions during different
processes that accompany cell movement [140, 168, 172]. Given the localization of WHIMP in
my experiments, I decided to functionally test its role in cell motility. NIH3T3 cells stably
expressing LAP or LAP-WHIMP were each treated with control or WHIMP siRNAs and seeded
onto specialized glass bottom dishes containing plastic inserts for separating groups of cells.
Immunoblotting of lysates from siWHIMP-treated LAP-expressing cells revealed an
approximate 80% depletion of endogenous WHIMP (Fig. 3-6A). The same treatment in cells
expressing LAP-WHIMP resulted in a 70% depletion of endogenous WHIMP and a 90%
depletion of tagged-WHIMP (Fig. 3-6A). 12-16h after seeding cells onto the dishes, the inserts
were lifted, leaving an approximately 500μm wide “wound” area (Fig. 3-6B top row). In live
cells at the edge of the wound area, I observed that LAP-WHIMP localized at the membrane
ruffles, but upon siWHIMP treatment this signal was lost in the majority of cells (Fig. 3-6C).
These results indicate that WHIMP can be recruited to the leading edge of migrating cells and
that this localization can be abolished following siRNA treatment.
I next captured images of the wound area at regular intervals up to 24h and measured the
unoccupied area under the four different experimental conditions. In the first 6h, cells expressing
LAP did not show any significant difference in wound area between siControl or siWHIMPtreated conditions (Fig. 3-6D). However, by 12h there was a noticeable difference in wound
closure between these two sets of cells, and by 24h siWHIMP-treated LAP cells had a remaining
wound area that was approximately 400% larger than siControl-treated LAP cells (Fig. 3-6D). I
detected differences between the siControl and siWHIMP-treated LAP-WHIMP-expressing cells
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starting as early as 6h (Fig. 3-6B), when the remaining wound area for siWHIMP-treated LAPWHIMP cells was almost 20% larger than the area for siControl-treated LAP-WHIMP cells (Fig
3-6D). By 12h, the difference was slightly greater, with WHIMP-overexpressing cells covering
65% more area than WHIMP-depleted cells (Fig 3-6D). In contrast, by 24h the wound area for
both the siControl and siWHIMP-treated LAP-WHIMP-expressing cells was completely
covered. However, it appeared that fewer siWHIMP-treated cells were present in the wound area
at this time point (Fig. 3-6D, bottom row), and quantification of the number of cells in the wound
area at 24h confirmed that WHIMP-depleted cells were indeed less numerous (Fig 3-6E),
suggesting that the WHIMP-depleted cells formed a less tightly packed monolayer. Lastly, it is
important to note that a comparison of the wound area between cells expressing LAP and those
expressing LAP-WHIMP revealed that cells overexpressing WHIMP had significantly smaller
wound areas at 6h, 12h, and 24h. These results indicate that WHIMP depletion inhibits wound
healing, whereas WHIMP overexpression enhances this process.
During motility, activation of both receptor and non-receptor tyrosine kinases leads to a
cascade of phosphorylation events that are critical for the activation of the actin assembly
machinery at the leading edge of migrating cells [201]. In order to identify the tyrosine
phosphorylation status of cells moving to fill the wound, I fixed and stained LAP and LAPWHIMP cells 6h after removing the silicone barrier. LAP-WHIMP cells with membrane ruffles
showed high levels of tyrosine-phosphorylation along the edge of the cells (Fig. 3-6F bottom
row). In contrast, I also observed tyrosine phosphorylation at the periphery of control cells
expressing LAP, but the cells appeared to have a more punctate or wedge-like distribution,
reminiscent of the focal adhesion complexes (Fig. 3-6F, top row).
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Figure 3-6: WHIMP overexpression enhances cell motility. (A) NIH3T3 cells inducibly
expressing LAP or LAP-tagged WHIMP were treated with siRNAs, subjected to SDS-PAGE,
and immunoblotted for WHIMP and GAPDH. The tagged and endogenous versions of
WHIMP are indicated. (continued)
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(B) NIH3T3 cells stably-encoding LAP or LAP-WHIMP were treated with siRNAs, grown in
cell reservoirs separated by a 500μm barrier, induced to express the fusion proteins, and
analyzed by phase-contrast microscopy at 0, 6, 12, and 24 h after removing the barrier. Scale
bar, 100μm. (C) Cells treated as in part B were examined by fluorescence microscopy
immediately after removing the barrier. Scale bar, 20μm. (D) The areas of barrier-created
wounds that were generated in part B were quantified. Each bar represents the mean (+/-SD)
of 3 independent experiments in which 2 wound areas were examined per condition. (E)
Each bar represents the mean (+/-SD) number of cells present in the wound area in 3
independent experiments at the 24h time point. ** p < 0.01, * p < 0.05 (t-tests). (F) Cells
treated as in part B were fixed 6h after removing the barrier, and then stained with
phosphotyrosine antibodies (red), phalloidin (magenta), and DAPI (blue). Scale bar, 100μm.
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Given that tyrosine phosphorylation of various kinases and focal adhesion proteins is
critical for actin cytoskeleton remodeling at the plasma membrane [202], I more closely
examined phosphotyrosine staining in LAP- and LAP-WHIMP-expressing cells. In NIH3T3
cells expressing LAP, I observed punctate phosphotyrosine staining near the cell periphery with
no significant enrichment with LAP. In contrast, cells expressing LAP-WHIMP showed a clear
colocalization with phosphotyrosine at the membrane ruffles (Fig. 3-7A). Moreover, line-scans
of cells expressing LAP and LAP-WHIMP indicated not only a clear increase in the
phosphotyrosine intensity in WHIMP-induced membrane ruffles, but also an increase in F-actin
intensity (Fig. 3-7B). In contrast, a LAP-WHIMP(ΔWCA)-expressing mutant showed less
phosphotyrosine staining and reduced ruffling (Fig. 3-7A-B). Previous studies have shown that
Rac1 activation induces membrane ruffling downstream of phosphotyrosine but upstream of
WAVE recruitment [203, 204]. NIH3T3 cells were transiently transfected with constitutively
active Rac1Q61L to test if Rac1 expression induced tyrosine phosphorylation similar to cells
expressing LAP-WHIMP. Immuno-fluorescence images showed less phosphotyrosine staining in
these cells than in cells stably expressing LAP-WHIMP (Fig. 3-7A bottom row). To further
verify the co-localization of LAP-WHIMP and phosphotyrosine at the membrane ruffles I
examined the cells using confocal microscopy. Image scans from confocal microscopy
confirmed our results, showing similar localization patterns between LAP-WHIMP,
phosphotyrosine, and F-actin at the membrane ruffles (Fig. 3-7C). These results suggest that
WHIMP may influence upstream signaling pathways to induce membrane protrusions in addition
to directly activating the Arp2/3 complex.
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Figure 3-7: Cells expressing LAP-WHIMP show increased tyrosine phosphorylation at
WHIMP-induced membrane protrusions. (A) NIH3T3 cells stably expressing LAP, LAPWHIMP, and LAP-WHIMP(∆WCA), or transiently transfected with GFP-Rac1 were fixed
and stained with antibodies to phosphotyrosine (red), phalloidin (magenta), and DAPI (blue).
Scale bar, 20μm. Insets highlight co-localization between LAP-tagged variants and
phosphotyrosine. (B) Line scan plots depict the mean pixel intensity of phosphotyrosine and
phalloidin near the edge of the cells (n=10) along a 15μm line. (C) Confocal microscopy
image of NIH3T3 cells stably expressing LAP-WHIMP that were fixed and stained with
phalloidin (magenta), DAPI (blue), and antibodies against phosphotyrosine (red). Scale bar,
20μm. The large panels show maximum intensity Z-projections (large image), and adjacent
orthogonal views of the yz planes (side) and xz planes (bottom) indicated by the two red
lines. The plot profiles on the right depict pixel intensity of either LAP-WHIMP, F-actin, or
phosphotyrosine along 10μm horizontal line for each cell where the two red lines are shown
to intersect.
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3.4.5 WHIMP depletion impairs cell motility.
To better characterize the specific function of WHIMP in cell motility, I decided to use the
B16F1 mouse melanoma cell line, which is considered a highly motile cell type. To recapitulate
the defects in cell motility that I observed in NIH3T3 cells, I treated B16F1 cells with two
independent WHIMP siRNAs and seeded them in the glass bottom dishes containing plastic
inserts, as described above. In order to compare the motility defects of WHIMP-depleted cells
with cells depleted of other motility factors, I used siRNAs against Brk1, an essential component
of the WAVE regulatory complex [205, 206]. Immunoblotting of lysates from siRNA-treated
cells revealed an approximate 70% depletion of endogenous WHIMP with siRNAs, and a 70%
depletion of WAVE1 and WAVE2 with the Brk1 siRNAs (Fig. 3-8A).
I captured images of wound areas at 5min intervals for 12h (Fig. 3-8B) and measured the
area unoccupied by cells (Fig. 3-8D). I also generated migration trajectories based on the
tracking of individual cells (Fig. 3-8C). Although most of the cells treated with either siRNA had
linear migration patterns, siWHIMP(A)-treated cells showed more dispersed or meandering
trajectories (Fig. 3-8C). In the first 6h, siControl-treated B16-F1 cells occupied almost twice as
much wound area as siWHIMP-treated cells (Fig. 3-8D). After 12h, siWHIMP(A) and
siWHIMP(B)-treated cells had remaining wound areas that were approximately 10 and 6-fold
larger than the siControl-treated area, respectively (Fig. 3-8D). Similar differences were also
observed in siBrk1-treated cells, with remaining wound areas that were approximately 2-fold
larger than in siControl-treated cells (Fig. 3-8D). These results indicate that WHIMP depletion
inhibits wound-healing.
To test if this slow wound-healing phenotype was due to slower cell motility, a lack of
directionality, or both, I quantified individual cell speeds and directional persistence. Mean
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migration speeds calculated from individual cell tracks correlated with wound healing efficiency
of siWHIMP and siControl-treated B16F1 cells. The mean migration speed for siControl-treated
cells was, on average, between 12-15μm/h, whereas siWHIMP(A), siWHIMP(B), and siBrk1treated cells were 9μm/h, 4μm/h, and 7μm/h, respectively (Fig. 3-8E). In order to further
examine the directional persistence in these cells, I calculated the directionality by taking the
ratio of the distance between the starting and ending points (d) and the actual trajectory (D) (Fig.
3-8F). The directionality ratio of a cell traveling in a straight trajectory is closer to 1, whereas
that of a meandering trajectory is closer to 0. Quantification of the directionality ratio from the
trajectories of siWHIMP(B) and siBrk1-treated B16F1 cells showed no significant differences
compared to siControl-treated cells. However, in siWHIMP(A)-treated cells, I observed a small
decrease in the directionality ratio, suggesting that these cells had a diminished directional
persistence (Fig. 3-8F). These results suggest that WHIMP depletion can impair wound healing
by impacting both cell motility and directionality.

93

Figure 3-8: WHIMP depletion impairs cell motility. (A) B16-F10 cells were treated with
WHIMP or Brk1 siRNAs, subjected to SDS-PAGE, and immunoblotted for WHIMP (top),
WAVE1, WAVE2 (bottom), and GAPDH. (B) B16-F10 cells were treated with siRNAs and
grown in cell reservoirs separated by a 500μm barrier. After 24h, the barriers were removed,
and cells were imaged by phase-contrast microscopy every 5min for 12h in an environmental
chamber at 37°C. Control cells were seeded on the top, and treatment cells were seeded in the
bottom chambers. The white dashed box indicates the area unoccupied by cells at t=0, and the
black dashed line indicates the midpoint of the cell-free area. Scale bar, 100μm.
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(C) Migration plots showing the tracks of individual cells (n ≥ 20 cells) over 12h were
generated from part B using R. (D) Barrier-created wound areas that were generated in part B
were quantified. Each point on the line represents the cell-free area at the indicated
timepoints. (E) Each dot represents the mean speed for cells shown in part B (n ≥ 20 cells).
The horizontal line represents the mean +/- SD. *** p < 0.001 ** p < 0.01, * p < 0.05 (ttests). (F) Each bar represents directionality index which is calculated as the ratio of the
distance between the starting and ending point (d) and the trajectory (D). (G) NIH3T3 cells
stably expressing LAP-WHIMP were treated with either WHIMP or Brk1 siRNAs and
subjected to SDS-PAGE, and immunoblotted for WHIMP, WAVE1, WAVE2, and GAPDH.
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3.4.6 WHIMP-induced membrane ruffling was diminished upon WAVE depletion or inhibition
of Rac1 or Src kinases.
Given that the WAVE proteins and WHIMP both promote membrane protrusions and motility, I
next examined the functional interplay among these proteins. To test the contribution of the
WAVE proteins in WHIMP-induced membrane ruffles, I treated NIH3T3 cells stably expressing
LAP-WHIMP with two different WHIMP specific siRNAs or with siBrk1 to deplete the WAVE
complexes (Fig. 3-9A-B). In WHIMP-depleted cells, I observed an approximate 70-80%
reduction in membrane ruffles (Fig. 3-9C). Upon siBrk1 treatment, I observed a 30% decrease in
ruffling in WHIMP-overexpressing cells.

These results suggest that the WAVE proteins

contribute to WHIMP-induced membrane ruffles (Fig. 3-9C), although WHIMP is the primary
driving force behind these membrane protrusions.
Signaling pathway studies have shown that growth factor transmembrane receptors and
integrins result in the activation of the small GTPase Rac1, which acts upstream of the WAVE
regulatory complex (WRC) [202]. Rac1 binding to the WRC changes the conformation of the
WCA domain within the complex and enables the activation of the Arp2/3 complex [93, 207,
208]. To test whether Rac1 inhibition affects WHIMP-induced membrane ruffling, I treated cells
with EHop-016, which binds to the effector region of Rac1 and blocks its interactions with GEFs
[209]. In EHop-treated LAP-WHIMP cells, I observed that most cells were completely devoid of
ruffles, and a small portion of cells formed minimized ruffles (Fig. 3-9D). Further quantification
of EHop-treated cells revealed a 70% decrease in membrane ruffling. These results suggest that
Rac1 activity is important for WHIMP induced membrane ruffles (Fig. 3-9E).
My previous observations in cells stably expressing LAP-WHIMP showed increased
tyrosine phosphorylation at WHIMP-induced membrane ruffles. Src family tyrosine kinases
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(SFKs) regulate cell-matrix adhesion and promote cell migration [210].

Tyrosine

phosphorylation by Src tyrosine kinase is implicated in the activation of the Arp2/3 complex via
SCAR/WAVE proteins and N-WASP [140, 211, 212]. To test if WHIMP promotes Src-mediated
phosphorylation, I first stained cells expressing LAP and LAP-WHIMP with an antibody that
recognizes the phosphorylated active version of Src (P-Src). Consistent with previous
phosphotyrosine staining, I observed strong colocalization between LAP-WHIMP and P-Src in
ruffles compared to cells expressing LAP (Fig. 3-9F). Next, I treated the cells with PP2 (4amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimidine), a potent inhibitor of Src-family
tyrosine kinase [213]. Although, P-Src staining was still visible at the periphery of the cells
expressing LAP-WHIMP, it was significantly diffuse (Fig. 3-9F). In addition to decreased
ruffling in cells, immunofluorescence images showed reduced phosphotyrosine staining in LAPWHIMP cells treated with PP2 (Fig. 3-9F). Consistent with diminished phosphotyrosine and PSrc staining, ruffling in LAP-WHIMP cells was reduced by 50% in PP2-treated cells (Fig. 3-9G).
These results suggest that WHIMP can promote membrane protrusion through the activation of
the Src-family tyrosine kinases.
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Figure 3-9: WHIMP-induced membrane ruffles are partially dependent on the WAVEs.
(A) NIH3T3 cells stably expressing LAP-WHIMP were treated with either WHIMP or Brk1
siRNAs, subjected to SDS-PAGE, and immunoblotted for WHIMP, WAVE1, WAVE2, and
GAPDH. (B) LAP-WHIMP cells were treated with WHIMP or Brk1 siRNAs for 48h then
fixed and stained with phalloidin (magenta), and DAPI (blue). Scale bar, 100μm. (C) Each
bar represents the % of GFP-positive cells (-/+ SD) that were ruffling after siRNA treatment
described in (B) from two independent experiments (n > 150). *** p < 0.001, ** p < 0.01, * p
< 0.05 (ANOVA). (D) NIH3T3 cells stably expressing LAP-WHIMP were treated with 4μM
EHop-016 for 5h and then fixed and stained with phalloidin (magenta), DAPI (blue), and an
antibody against WAVE1. Scale bar, 20μm (E) Each bar represents the % of GFP-positive
cells that were ruffling after EHop-016 treatment described in (D) (n > 150). *** p < 0.001,
** p < 0.01, * p < 0.05 (fisher’s exact test). (F) LAP and LAP-WHIMP cells treated with
either DMSO or 2μM of the Src inhibitor PP2, for 1h then fixed and stained with phalloidin
(magenta), DAPI (blue), and antibodies against phosphotyrosine (red) or SrcPhosphotyrosine-416 (red). Scale bar, 20μm. (G) Each bar represents the % of GFP-positive
cells (-/+ SD) that were ruffling after 2μM PP2 treatment from two experiments (n > 150).
*** p < 0.001, ** p < 0.01, * p < 0.05 (ANOVA).
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Figure 3-10: Model for WHIMP induced membrane protrusions. Previous studies have
established signaling pathways for membrane protrusions based on the activation of WASP
and WAVE proteins (red lines). Activation of growth receptors and/or integrin results in the
phosphorylation of non-receptor kinases, such as Src/FAK, which in turn promote activation
of Rho-family GTPases like Rac1 and Cdc42. WASP-family proteins are direct targets of
these small G-proteins, resulting in the activation of the Arp2/3 complex and the formation of
branched actin networks beneath the plasma membrane. Based on our results I propose a
model of WHIMP-induced membrane ruffles that is mediated by direct activation of the
Arp2/3 complex by WHIMP, and also via an indirect pathway that involves the activation of
Src-family tyrosine kinases.
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3.5

Discussion:

WASP-family proteins are important for assimilating signals from upstream pathways and
activating the Arp2/3 complex to promote actin cytoskeletal assembly. I have identified a new
member of the WASP-family proteins, WHIMP, which induced membrane protrusions
resulting in enhanced cell migration and macropinocytosis. Examination of signaling
pathways showed the presence of the WAVE proteins, increased tyrosine phosphorylation,
and Src tyrosine kinase activation at the membrane ruffles. These results demonstrated that
WHIMP induces membrane protrusions by directly activating the Arp2/3 complex and by
indirectly promoting the activation of upstream tyrosine kinases including Src.
Similar to other WASP/WAVE proteins that can be recruited to the plasma membrane
[168, 173, 182], I found that LAP-WHIMP colocalized with the Arp2/3 complex subunits
ArpC2 and Arp3, as well as with WAVE1. I also observed similar localization patterns
between WHIMP and the Arp2/3 complex using confocal microscopy, but more importantly, I
showed that the localization of WHIMP in membrane protrusions is not an artifact of a lack of
spatial resolution in conventional widefield microscopy. Membrane protrusions are an essential
step in cell motility [119]. Previous studies of all WASP-family proteins have shown that the
WCA domain is essential for the activation of the Arp2/3 complex, and deletion of this domain
results in the loss of nucleation-promoting activity [90, 101, 196, 197]. Truncation mutants
lacking the WHIMP WCA domain showed reduced F-actin intensity in cells, diminished
ruffling, and decreased protrusion size and speed. Treatment of the LAP-WHIMP cells with a
chemical inhibitor of the Arp2/3 complex, CK666, also resulted in reduced ruffling frequency.
Collectively, my cell-based assays in conjunction with previous in vitro biochemical analyses
provide strong evidence for WHIMP-mediated activation of the Arp2/3 complex at the
membrane ruffles.
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Given the presence of WHIMP at the membrane protrusions similar to other WASPfamily proteins, I examined the role of WHIMP in cell motility [140, 168, 170, 173, 184]. In
migration assays, WHIMP knockdown in both NIH3T3 and B16-F1 cells led to significantly
slower rates of wound healing. In contrast, NIH3T3 cells overexpressing LAP-WHIMP
showed WHIMP localization at the edge of the cells and significantly faster wound closure.
These results suggest that WHIMP participates in regulating the actin cytoskeleton at the
plasma membrane to enhance cell motility.
Experiments in C. elegans and Dictyostelium cell lines have demonstrated functional
coordination between the WAVE and WASP proteins during cell migration [143, 188, 189,
209, 214]. Based on the colocalization observed at membrane ruffles between WAVE1 and
LAP-WHIMP via confocal microscopy, I decided to examine the functional relationship
between these proteins. Even though the knockdown of the WAVE proteins in cells
expressing LAP-WHIMP was incomplete, the number of cells ruffling decreased
significantly. This suggests that WHIMP-mediated membrane ruffling may be partially due to
function of the WAVE proteins in these structures.
Previous studies have shown that the small GTPase Rac1 is an important regulator of
cell migration and its activation is required for lamellipodia formation [215, 216]. It has also
been shown that Rac1 can directly bind and activate the WAVE complex [173, 208, 217]. These
observations are consistent with my results, in which LAP-WHIMP-expressing cells treated with
EHop-016, a Rac1 inhibitor, showed a significant decrease in the number of cells ruffling. These
results suggest that Rac1 activity is important for WHIMP- and WAVE-induced membrane
ruffles. Interestingly, previous studies examining the role of NPFs Cortactin and DIP/WISH have
showed that NFPs can not only directly influence Arp2/3 activation, but they can also influence
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upstream GTPases signaling by either promoting or inhibiting their activity [218, 219]. Based on
my results which showed an increase in phosphotyrosine staining and Src-family kinases
activation at the plasma membrane, I believe that WHIMP can induce membrane protrusions by
promoting activation of the Src tyrosine kinase.
In the future, the mechanisms governing WHIMP’s coordination with other NPFs and its
role in motility in different cells and organisms will need to be investigated. Moreover, the
identification of WHIMP’s binding partners will enhance our understanding of plasma
membrane dynamics, and provide further insights into Arp2/3 complex regulation. My current
findings provide a valuable foundation regarding the activation of the Arp2/3 complex, as well as
the role of multiple WASP-family proteins in cell migration.
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Figure 3-11: List of plasmids used in this study

Description

Vector

Species

Residues

Restriction Enzyme Sites

Source

pKC-EGFP-C1

pKC-EGFP-C1

N/A

N/A

N/A

Campellone et al., 2008

pKC-EGFP-N-WASP(WWCA)

pKC-EGFP-C1

Rat

386-501

KpnI-EcoRI

This study

pKC-EGFP-WHIMP(WCA)

pKC-EGFP-C1

Mouse

448-516

EcoRI-SpeI

This study

pKC-EGFP-WHIMP

pKC-EGFP-C1

Mouse

1-516

EcoRI-SpeI

This study

pKC-mCherry-C1

pKC-mCherry-C1

N/A

N/A

N/A

Campellone et al., 2008

pKC-mCherry-WHIMP

pKC-mCherry-C1

Mouse

1-516

EcoRI-SpeI

This study

pKC-LAP-C1

pKC-LAP-C1

N/A

N/A

N/A

Campellone et al., 2008

pLAP-WHIMP

pKC-LAP-C1

Mouse

1-516

EcoRI-SpeI

This study

EGFP-Rac1Q61L

pcDNA3

Human

Addgene #13720

mCherry-Rab5 WT

EYFP-alpha-tubulin

Human

Addgene #49201

mCherry-Rab5Q79L

pmCherry-C1

Human

Addgene #35138
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CHAPTER 4: Discussion

4.1

Overview:

Mammals encode at least 8 different members of the WASP family which play integral roles in a
variety of cellular processes ranging from membrane trafficking to cell motility. While N-WASP,
WAVE1, WAVE2, and WASH knockouts in mice are embryonically lethal [1-6], mutations in
human WASP result in immunodeficiencies [7], and a mutation in WHAMM is found in patients
with a neurodevelopmental and renal disorder [8]. Moreover, elevated levels of the WAVE
proteins and N-WASP have been associated with cancer cell invasion and progression [9].
Given the significance of these WASP-family proteins in development, and disease, I
investigated whether additional proteins within the family might exist. Using a bioinformatics
approach, we were able to identify a new member of the WASP family due to the presence of the
characteristic actin and Arp2/3-binding WCA domain. Based on limited sequence similarity to
the WAVE proteins, we named the new protein WHIMP (WAVE Homology In Membrane
Protrusions). Additional bioinformatics analyses indicated the presence of closely related
orthologs of WHIMP in rodent species, and some in more distantly related mammals. Our in
vitro biochemical analysis revealed that WHIMP is an Arp2/3-dependent nucleation-promoting
factor, and its overexpression enhances cell motility via a distinct mechanism that has not been
observed in other WASP-family members.
This section will explore the rationale for WHIMP’s weak actin nucleation activity and
provide insight into how WHIMP might cooperate with other WASP-family proteins at the
plasma membrane.
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4.2

Is endogenous WHIMP in an inactive conformation?

Reorganization of the actin cytoskeleton is critical for its multifaceted role within cells. WASPfamily proteins play an integral role in this process by activating the Arp2/3 complex to form
branched actin filaments. However, many WASP-family proteins are either part of a larger
protein complex or are auto-inhibited, requiring additional stimuli to disrupt these interactions.
WASP and N-WASP require the binding of ligands, such as the Rho GTPase Cdc42 and
phosphatidylinositol 4.5-bisphosphate (PIP2), to alleviate their auto-inhibition [4, 35, 36]. At this
time, we do not believe that WHIMP is in an inactive conformation because our experiments
using the WCA domains alone circumvent any inhibition that NPFs might encounter.
Conversely, WAVE proteins are activated by Rac1 and phospholipids by a very different
mechanism [10]. The WAVE complex is comprised of WAVE1, WAVE2, or WAVE3 with four
other subunits: SRA1, NAP1, ABI1, and BRK1 [11-13]. The Arp2/3-activating WCA domain of
WAVE is inhibited within the complex, as it is bound to SRA1. Upon binding of the GTPase
Rac1 to two distinct sites on SRA1, this inhibition is disrupted and consequently the WAVE
WCA domain is released, allowing it to initiate Arp2/3 complex-mediated branched actin
filament formation [13, 14]. The WAVEs require a menagerie of ligands such as Rac1, Arf1, and
PI(3,4,5)P3 for their recruitment and activation at the plasma membrane [24, 37, 41].
It remains unclear as to whether WHIMP is part of a large protein complex, but
WHIMP’s N-terminus shares similarity to the meandering α6 helix of the WAVE proteins. The
α6 region is important for the interaction between SRA1 and the WAVE regulatory complex
[15], so it is possible that WHIMP interacts with the WAVE complex, or forms a hybrid complex
with some core subunits shared between WAVE and WHIMP. As of yet, we have not identified
any WHIMP binding partners, so it is unclear if the weak actin nucleation activity is truly
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representative of WHIMP’s function or if it is due to the cellular conditions in fibroblast cells, or
an absence of additional cellular factors in pyrene assays.
4.3

Is the lack of a proline-rich repeat the source of WHIMP’s weak assembly activity?

Despite differences in their mechanisms of actin nucleation, many of the actin assembly factors
possess one or more actin-binding WH2 motifs that aid the initiation of actin filament formation.
However, a thorough examination of these actin assembly factors suggests that the WH2 motifs
by themselves are insufficient for optimal nucleation activity [16]. For example, Spire possesses
tandem WH2 motifs, but its linker region between the 3rd and 4th WH2 motif is crucial for its
nucleation activity. Moreover, Spire forms a complex with the formin Cappuccino which enables
the formation of two parallel actin strands, resulting in enhanced nucleation activity [17].
Similarly, a truncation mutant of JMY lacking the WH2 linker also showed a defect in actin
nucleation [18]. In N-WASP we see that despite having two WH2 motifs, optimal nucleation is
observed in WCA dimerization models [19, 20].
Proline-rich repeats (PRR), are found at the N-terminal region of WCAs in all WASPfamily proteins and these repeats bind either SH3‐containing adaptor proteins or profilin-bound
actin [21, 22]. Profilin is an actin-binding protein that forms a profilin-actin complex, which is
one of the most abundant forms of actin present in cells [23]. This complex sequesters actin
monomers and prevents them from spontaneous actin nucleation [24]. More recent evidence
shows that in the presence of profilin-actin, WH2 domains, in conjunction with PRR, can
function in the elongation of actin filaments by bringing actin monomers in proximity to growing
filament [25]. Similar evidence of Arp2/3-independent actin nucleation is also observed in a
series of experiments in the WASP homolog Las17 [26]. These studies showed that the PRR
nucleates actin filaments even in the absence of the Arp2/3-binding domain and deletion of the
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Arp2/3-binding region did not affect actin nucleation [27, 28]. WHIMP is the only member of
the WASP family that does not possess a PRR. Consequently, we can reason that the lack of this
profilin-actin-binding region may lead to WHIMP’s weak actin assembly activity in cells.
4.4

Is WHIMP a tissue-specific actin nucleation-promoting factor?

Most NPFs are ubiquitously expressed in mammals, but a few are only expressed in specific
tissues or enriched across different tissue types. For example, WASP is expressed specifically in
hematopoietic cells [7], whereas N-WASP is most abundant in the brain [29]. Similarly, the
WAVE isoforms are expressed in many different tissue types, but the expression of WAVE1 and
WAVE3 are elevated in the brain [30]. Examination of WHIMP transcripts through Gene
Expression Atlas [31], a public repository of gene and protein expression patterns, suggests that
WHIMP mRNA is expressed throughout different tissue types and is elevated in testis. Similar
results were observed in the Global Proteomic Machine database (gpmDB), but with low
confidence, which suggested that WHIMP levels were elevated in heart, testis, and liver.
Although, we were unable to show elevated levels of WHIMP in mouse testis, it’s possible that
WHIMP’s protein levels are elevated in a small subset of cells which are masked in our whole
organ tissue extracts. Based on these results, it is possible that WHIMP’s function and regulation
may be tethered to a specific tissue, or even a small subset of specialized cell types within that
tissue.
Alternatively, it is possible that WHIMPs function is not related to its elevated expression
in a specific tissue, but it could be a result of differential expression of the Arp2/3 isoforms. In
mammals, the ArpC1 and ArpC5 subunits include two isoforms each, ArpC1B and ArpC5L,
respectively [32, 33] (Fig. 4). Although their expression levels vary among different cell types,
these subunit isoforms are actively assembled into different combinations of complexes [34].
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Most importantly, variability in the subunit assembly has a direct effect on the nucleation
efficiency of the Arp2/3 complex and the stability of the actin filaments [34]. Moreover, isolation
of the Arp2/3 complex from smooth muscle extracts shows the formation of hybrid complexes
comprised of Arp2, Arp3, ArpC2, α-actinin and vinculin, instead of the canonical ArpC1-5
subunits [35]. It is possible that instead of the canonical Arp2/3 complex, WHIMP may have a
higher propensity for a specific combination of Arp2/3 subunits that would allow for optimal
nucleation.
4.5

Is WHIMP-induced cell motility different than that of theWASP and WAVE

proteins?
Although a lot is known about the mechanisms governing the activation and localization of the
WASP/WAVE proteins, their precise roles in cell motility in different cell types and organisms
are somewhat controversial. F-actin polymerization at the leading edge of cells by WAVE/SCAR
proteins is essential for lamellipodia formation and cell motility in mammalian fibroblast and
epithelial cells [36-38]. However, SCAR null mutants in Dictyostelium migrated at normal rates
[39, 40], and in a human carcinoma cell line (A431), WAVE depletion resulted in N-WASPmediated invasion of the 3D collagen-matrix [41]. On the other hand, N-WASP knockout in
mouse fibroblasts and in Drosophila S2 cells shows that it is dispensable for cell migration [1,
42-44]. These differences could be due to the architecture of membrane protrusions, or due to the
different migration strategies employed by different cell types.
Cells employ different modes of migration depending on the cell morphology, the
extracellular environment, and the composition of the extracellular matrix (ECM) [45]. Cell
motility can be differentiated into two broad categories of either mesenchymal or amoeboid
migration [40, 46]. In mesenchymal migration, the cells are usually elongated and form
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lamellipodial protrusions coupled with cell–matrix adhesion for migration [47]. This form of
migration is generally associated with fibroblasts. In amoeboid migration, cells are generally not
as elongated, have weaker interactions with the ECM, and tend to move faster [47]. This mode of
migration is observed in lymphocytes, tumor cells, and Dictyostelium [47]. Cells overexpressing
WHIMP appear to exhibit a hybrid motility phenotype in which they form the large membrane
protrusions observed in mesenchymal motility, but also lose stress fibers and lack mature focal
adhesions, similar to amoeboid motility. In experiments involving mouse cells, it is possible that
WHIMP may either be compensating for the loss of either WASP or WAVE by directly
activating the Arp2/3 complex, or enhancing their activity indirectly by influencing stimulating
Src-family kinases.
The results from this study provide valuable insights into the biochemical properties,
localization, and function of WHIMP in cells. However, the challenge for the future will be to
understand how these proteins function as a network to regulate actin cytoskeleton dynamics in
different cellular processes.
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4.6

Future Directions:

Although significant progress has been made in characterizing the function of WHIMP, there are
many aspects of WHIMP’s biology that remained unanswered.
Gene Expression Atlas [31], a public repository of gene and protein expression patterns,
suggests that the WHIMP mRNA is expressed throughout different tissue types and is elevated in
testis. Similar results were also observed in the Global Proteomic Machine database (gpmDB),
but with low confidence, where WHIMP levels were elevated in heart, testis, and liver. However,
my current data does not support the expression patterns of online databases. To address this
discrepancy, future studies should perform a more thorough examination of WHIMP expression
across different tissues types in order to better understand its physiological role.
WASP-family proteins are either part of a complex, or have a large ensemble of
interacting proteins that regulate their functions. WASP and N-WASP require the binding of
ligands such as the Rho GTPase, Cdc42, and phosphatidylinositol 4.5-bisphosphate (PIP2) for
their activity [48-50]. Conversely, the WAVEs are part of a larger protein complex and require
binding of ligands such as Rac1, Arf1, and PI(3,4,5)P3 for their recruitment and activation at the
plasma membrane [10, 14, 51]. Thus far, I have been unable to identify any WHIMP binding
partners through traditional pull-down experiments or using proximity-based labeling of
proteins. Identification of WHIMP’s binding partners should provide a critical insight into its
regulation and function in cells.
My results showing an increase in phosphotyrosine staining and activation of Src-family
kinases at the plasma membrane suggest that WHIMP can promote membrane protrusions by
promoting the activation of the Src tyrosine kinase. Mechanistic insights governing how WHIMP
activates the Src kinase could greatly extend understanding of complex interaction that regulate
the actin assembly in cells.
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